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□ LI kinase near 100 complex 5781 

□ L2 kinase near 10 complex 4683 

|-j ^3 L2 same (immobil$ or attach$ or solid or surface or bead or heterologous or well . * „ 
or sensor or tube or container) 

p ^ L2 near50 (immobil$ or attach$ or solid or surface or bead or heterologous or 
- J well or sensor or tube or container) 

L4 and (posttranslation$ or post-translation or (covalent near2 modification) or 
phophorylat$ or dephosphorylat$ or acylat$ or deacylat$ or glycosylat$ or 

□ L5 deglycosylat$ or ubiquitinat$ or deubiquitinat$ or prenylat$ or deprenylat$ or 48 1 

sentrinizat$ or sentrinisat$ or desentrinizat$ or desentrinisat$ or ribosylat$ or 
deribosylat$) 

L4 same (posttranslation$ or post-translation or (covalent near2 modification) or 
phophorylat$ or dephosphorylat$ or acylat$ or deacylat$ or glycosylat$ or 

□ L6 deglycosylat$ or ubiquitinat$ or deubiquitinat$ or prenylat$ or deprenylat$ or 9 

sentrinizat$ or sentrinisatS or desentrinizat$ or desentrinisat$ or ribosylat$ or 
deribosylat$) 

□ L7 pyk2 or pyk-2 or pky2 or pky-2 397 

□ L8 L7 and immobili$.ti 5 ab 5 clm. 7 

□ L9 L7.ti ? ab,clm. 63 

□ L10 L9 not 19 0 

□ Lll L9notl8 62 
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□ 56. WO 9835056A . Identifying agents that bind and modulate protein tyrosine kinase 2 - useful 
for inhibiting migration, adhesion or activity of monocytic cells, particularly for treatment and 
prevention of osteoporosis and inflammation. DUONG, L T, et al. A61K038/00 A61K038/17 
A61K045/00 A61P019/10 A61P029/00 A61P043/00 C07K014/00 C12N009/12 C12N015/09 
C12N015/52C12Q001/48. 



□ 57. WO 983 50 16 A . New nucleic acid encoding murine protein tyrosine kinase 2 and cells 
expressing the recombinant kinase - used to identify specific modulators, potentially useful for 
controlling the level of platelets. DUONG, L T, et al. C12N001/00 C12N001/15 C12N001/19 
C12N001/21 C12N005/10 C12N009/12 C12N015/09 C12N015/54 C12Q001/48 C12Q001/68 
C12N009/12C12R001:91. 



□ 58 . US20020048782A . New indolinone(s), that bind to, and modulate, PYK2 tyrosine kinase - 
useful for, e.g. treating and diagnosing epilepsy, stroke, schizophrenia and hyperactivity in children. 
LEV, S, et al. A61K03 1/421 A61K031/47 A61K031/498 A61K031/517 C07H021/04 C07K001/00 
C07K014/00 C07K017/00 C12N001/19 C12N001/21 C12N005/00 C12N005/02 C12N005/06 
C12N005/10 C12N009/12 C12N015/09 C12N015/12 C12N015/63 C12P021/02 C12P021/06 
C12Q001/68 G01N033/53. 



□ 59. EP 931146A . New nucleic acid encoding human retinal degradation polypeptide - and related 
probes, vectors, transformed cells, proteins and antibodies, used to diagnose neurological disease and to 
identify specific modulators with possible therapeutic activity. LEV, S, et al. A61K038/17 C07H021/04 
C07K014/435 C07K016/18 C12N001/20 C12N005/12 C12N015/00 C12N015/12 C12N015/63 
C12P021/06. 



□ 60. US 5837524A . Probin tyrosine kinase 2 and nucleic acid encoding PYK2 - used to detect and 
treat diseases characterised by a signal transduction pathway abnormality, e.g. epilepsy or schizophrenia. 
LEV, S, et al. A23J001/00 A61K045/00 A61P025/04 A61P025/06 A61P025/08 A61P025/18 
A61P025/28 C07C255/34 C07D215/00 C07D239/72 C07D241/40 C07H021/04 C07K014/00 
C07K016/40 C12N001/21 C12N005/06 C12N005/12 C12N009/12 C12N015/09 C12N015/54 
C12N015/64 C12P012/06 C12P021/02 C12Q001/48 C12Q001/68 G01N033/574 G01N033/68. 



□ 61 . JP 07067630A . Prepn. of monoclonal antibody-producing hybridoma for cancer diagnosis 
and treatment - using auto-immune diseased animal to produce hybridoma specifically recognising N 
glucosyl-neuraminic acid contg. saccharide chain. A61K039/395 C07K0 16/46 C12N005/10 
C12N015/02 C12P021/08 C12P021/08 C12R001:91 C12P021/08 C12R001:91. 



□ 62. JP 62235569A . Monoclonal antibody - used in cancer studies and has specific recognition for 
saccharide contg. N-glycol:yl neuramine. A61K039/39 A61K039/395 C07K015/04 C12N005/00 
C12N015/06 C12P021/00 C12P021/08 C12R001/91 G01N033/57 G01N033/574 G01N033/577 
C12P021/08C12R001:91. 
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□ 1. 20060029546 . 06 Aug 04. 09 Feb 06. Materials and methods for identifying anti-schizophrenic 
agents. Gurney; Mark E., et al. 424/9.1; 435/6 C12Q1/68 20060101 A61K49/00 20060101 

□ 2. 20050222171 . 20 Jan 05. 06 Oct 05. Organic compounds. Bold, Guido, et al. 514/259.3; 
544/281 A61K031/519C07D487/04. 

□ 3. 20050170431 . 27 Feb 04. 04 Aug 05. PYK2 crystal structure and uses. Ibrahim, Prabha, et al. 
435/7.1; 530/388.26 G01N033/53 C07K016/40. 

□ 4. 20050164300 . 1 5 Sep 04. 28 Jul 05. Molecular scaffolds for kinase ligand development. Artis, 
Dean R., et al. 435/7.1; 702/19 G01N033/53 G06F019/00 G01N033/48 G01N033/50. 

□ 5. 20050059621 . 04 Jun 04. 17 Mar 05. Methods for using modulators of proline-rich tyrosine 
kinase 2. Griswold-Prenner, Irene, et al. 514/44; 514/249 514/266.1 514/312 A61K048/00 
A61K031/517A61K031/47. 

□ 6. 20040259158 . 27 Feb 04. 23 Dec 04. PYK2 and inflammation. Schlessinger, Joseph, et al. 
435/7.1; 514/266.1 514/312 514/418 G01N033/53 A61K031/517 A61K031/47. 

□ 7. 20040197332 . 09 Feb 04. 07 Oct 04. Inhibitors of her3 activity. Ullrich, Axel, et al. 424/145. 1 ; 
A61K039/395. 

□ 8. 20040186157 . 12 Jan 04. 23 Sep 04. Cyclic substituted fused pyrrolocarbazoles and 
isoindolones. Hudkins, Robert L., et al. 514/410; 548/418 A61K031/407 C07D209/56. 

□ 9. 20040127453 . 26 Jul 02. 01 Jul 04. Method for treating diseases associated with abnormal 
kinase activity. Lyons, John, et al. 514/50; A61K03 1/7072. 

□ 10. 20040082510 . 3 1 Jul 03 . 29 Apr 04. Pyk2 phosphorylation by her3 induces tumor invasion. 
Ullrich, Axel, et al. 514/12; A61K038/17. 

□ 11. 20040072836 . 23 Sep 03. 1 5 Apr 04. Substituted aza-oxindole derivatives. Harris, Philip 
Anthony, et al. 514/249; 514/265.1 514/300 544/281 544/350 546/113 C07D487/02 C07D471/02 
A61K031/519A61K031/498. 

□ 12. 20040072266 . 23 Sep 02. 1 5 Apr 04. Method of modifying cell motility via compounds and 
polypeptides that interact with a Wnt pathway. Wilder, Elizabeth L., et al. 435/7.23; 435/455 
G01N033/574 C12N015/85. 

□ 13. 20040053924 . 21 Jul 03. 1 8 Mar 04. 4-Substituted 7-aza-indolin-2-ones and their use as 
protein kinase inhibitors. Liang, Congxin, et al. 514/234.5; 514/252.16 514/253.04 514/265.1 514/300 
544/1 17 544/127 544/281 544/362 546/1 13 A61K031/5377 A61K031/519 A61K031/496 
A61K03 1/4745 C07D471/02. 

□ 14. 20040048816 . 24 Feb 03. 1 1 Mar 04. Restenosis treatment. Zohlnhofer, Dietlind, et al. 5 14/44; 
424/145.1 604/500 A61K048/00 A61K039/395 A61M031/00. 
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□ 15. 20040029124 . 13 Feb 03. 12 Feb 04. Mrna amplification. Zohlnhofer, Dietlind, et al. 435/6; 
435/91.2 C12Q001/68 C12P019/34. 



□ 1 6. 20040005648 . 1 9 Jun 03 . 08 Jan 04. PYK2 related products and methods. Lev, Sima, et al. 
435/7.23; 435/194 435/320.1 435/338 435/69.1 530/388.26 536/23.2 G01N033/574 C07H021/04 
C12N009/12 C12P021/02 C12N005/06. 



□ 17. 20030190688 . 07 Apr 03. 09 Oct 03. Methods for detecting BCR-ABL signaling activity in 
tissues using phospho-specific antibodies. Crosby, Katherine, et al. 435/7.23; G01N033/574. 



□ 18. 20030119067 . 13 Nov 02. 26 Jun 03. PYK2 related products and methods. Lev, Sima, et al. 
435/7.1; 435/194 435/320.1 435/325 435/69.1 514/249 514/266.1 514/311 514/376 G01N033/53 
C12N009/12 C12P021/02 C12N005/06 A61K031/498 A61K031/517 A61K03 1/421 A61K031/47. 



□ 1 9. 20030069430 . 30 Nov 0 1 . 1 0 Apr 03 . Substituted oxindole derivatives as protein tyrosine and 
as protein serine/threonine kinase inhibitors and compositions and methods of treating chemotherapy 
and radiation therapy side effects. Davis, Stephen Thomas, et al. 546/277.7; 548/486 C07D41/02 
C07D209/34. 



□ 20. 20020183319 . 21 Dec 00. 05 Dec 02. 4-substituted 7-aza-indolin-2-ones and their use as 
protein kinase inhibitors. Liang, Congxin, et al. 514/234.5; 514/252.16 514/265.1 514/300 544/1 17 
544/127 544/280 544/362 546/113 A61K031/5377 A61K031/519 A61K031/496 A61K031/4745 
C07D471/02 C07D491/02. 



□ 21. 20020048782 . 09 Dec 97. 25 Apr 02. PYK2 RELATED PRODUCTS AND METHODS. LEV, 
SIMA, et al. 435/69.1; 435/325 435/7.1 530/350 536/23.5 G01N033/53 C12Q001/68 C07H021/04 
C12P021/06 C12N005/00 C12N005/02 C07K001/00 C07K014/00 C07K017/00. 



□ 22. 20020045191 . 17 Sep 01 . 1 8 Apr 02. Inhibition of the SRC kinase family pathway as a method 
of treating HBV infection and hepatocellular carcinoma. Schneider, Robert J., et al. 435/7.1; 435/15 
514/262.1 514/44 514/520 514/7 536/24.5 A61K048/00 A61K038/17 A61K03 1/519 A61K031/277 
A01N037/34 A61K031/275 A01N043/04 A61K031/70 C07H021/04 C12Q001/48 G01N033/53 
A61K038/16. 



□ 23. 6861442 . 30 Dec 99; 01 Mar 05. PYK2 and inflammation. Schlessinger; Joseph, et al. 514/414; 
424/94.1 435/15 435/7.4 514/227.5 514/229.8 514/235.8 514/311 514/312 514/418 514/419 514/450 
514/514 514/546. A01N043/38 . 



□ 24. 6610688 . 21 Dec 00; 26 Aug 03. 4-substituted 7-aza-indolin-2-ones and their use as protein 
kinase inhibitors. Liang; Congxin, et al. 514/234.2; 514/234.5 514/252.16 514/265.1 544/117 544/280. 
C07D487/04 A61K031/519 . 



O 25. 6576442 . 07 Jun 00; 10 Jun 03. rdgB proteins and related products and methods. Lev; Sima, et 
al. 435/69.1; 435/252.3 435/320.1 530/300 530/350 536/23.1 536/23.5. C12N015/00 C12N001/20 
C12P021/06 C07H021/04 . 



□ 26. 6117673 . 26 Sep 97; 12 Sep 00. RDGB proteins and related products and methods. Lev; Sima, 
et al. 435/320.1; 435/252.3 435/69.1 530/350 536/23.1 536/23.5. C12N015/00 C12N001/20 C12P021/06 
C07H021/04 . 
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□ 27. 5837815 . 02 Jun 95; 17 Nov 98. PYK2 related polypeptide products. Lev; Sima, et al. 530/350; 
435/69.1 530/412. C12P012/06 C07K014/00 A23J001/00 . 



□ 28. 5837524 . 1 5 Dec 94; 1 7 Nov 98. PYK2 related polynucleotide products. Schlessinger; Joseph, 
etal. 435/252.3; 435/320.1 435/91.4 536/23.1 536/25.4. C12N015/64 C12N001/21 C07H021/04 . 



□ 29. 4965198 . 26 Apr 88; 23 Oct 90. Monoclonal antibody and method of manufacturing 
hybridoma producing the same. Yamasaki; Masahiko, etal. 530/387.5; 435/329 435/344.1 435/452 
435/70.21 530/388.85 530/861 530/864. C12N005/00 C12P021/00 . 



□ 30. WO2005002573A2 . 04 Jun 04. 13 Jan 05. METHODS FOR USING MODULATORS OF 
PROLINE-RICH TYROSINE KINASE 2. GRISWOLD-PRENNER, IRENE, et al. A61K031/41;. 



□ 31. WO2004078923A2 . 27 Feb 04. 1 6 Sep 04. PYK2 CRYSTAL STRUCTURE AND USES. 
IBRAHIM, PRABBA, et al. C12N00/;. 



□ 32. EP001361229A2 . 06 Dec 95. 12 Nov 03. Use of Tyrosine Kinase (PYK2) to produce 
antibodies. LEV, SIMA DR, etal. C12N015/54; C12N009/12 C12Q001/68 C07K016/40 C12N005/12 
G01N033/68 C12Q001/48 C07D241/40 C07C255/34 C07D215/00 C07D239/72. 



O 33. EP001228766A1 . 3 1 Jan 01 . 07 Aug 02. PYK2 phosphorylation by HER3 induces tumor 
invasion. A61K038/17; A61K038/45 A61K039/395 G01N033/68. 



□ 34. WO009835016A1 . 09 Feb 98. 13 Aug 98. PROTEIN TYROSINE KINASE 2 (PYK2), 
NUCLEIC ACIDS, AND ASSAY. DUONG, LE T, et al. C12N001/00; C12N005/10 C12N015/54 
C12Q001/48 C12Q001/68. 



□ 35. WO009826054A2 . 09 Dec 97. 1 8 Jun 98. PYK2 RELATED PRODUCTS AND METHODS. 
LEV, SIMMA, et al. C12N009/12; C12N015/12 C12N015/63 C12N001/21 C12N001/19 C12N005/10. 



□ 36. WO009618738A2 . 06 Dec 95. 20 Jun 96. PROBIN TYROSINE KINASE (PYK2) ITS cDNA 
CLONING AND ITS USES. LEV, SIMA, et al. C12N015/54; C12N009/12 C12Q001/68 C07K016/40 
C12N005/12 G01N033/68 C12Q001/48 C07D041/40 C07C255/34 C07D215/00 C07D239/72. 



□ 37. US20060029546A . Identifying N-methyl-D-Aspartate (NMDA) receptor function modulator, 
involves administering test agent to mammal harboring genetic defect in neuregulin 1 signaling 
pathway, and measuring NMDA receptor complex tyrosine phosphorylation. ANDRESSEN, T, et al. 
A61K049/00 C12Q001/68 G01N033/50. 



□ 38. EP 1621539A . New heterocycle-substituted cyclic urea derivatives useful as protein tyrosine 
kinase inhibitors for treating e.g. fibrotic disorders, acromegaly, allergies, asthma, Crohn's disease and 
retinopathy. GUESSREGEN, S, et al. A61K031/4164 A61K031/4178 A61K031/513 A61K031/551 
C07D401/00 C07D401/14 C07D405/00 C07D405/14 C07D413/00 C07D413/14 C07D417/00 
C07D4 17/14. 



39. EP 162 153 6 A . New amino cyclic urea derivatives are protein tyrosine kinase inhibitors, 
useful to treat/prevent e.g. disorders of blood vessel proliferation, fibrotic disorders, disorders of 
mesangial cell proliferation and acromegaly. BENARD, D, et al. A61K000/00 C07D401/00 
C07D401/06 C07D401/14. 
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□ 40. US20050222171A . New pyrazolo(l,5-a)pyrimidin-7-ylamine compounds, useful to treat e.g. 
benign tumor, psoriasis, prostate hyperplasia, Crohn's disease, Hodgkin's disease, leukemia and 
rheumatoid arthritis, are protein kinase inhibitors. BOLD, G, et al. A61K031/519 C07D487/04. 



□ 41. WO2005002573A . Preventing cell death in neuron, involves administering non-receptor 
proline-rich tyrosine kinase inhibitor composition to neuron, useful for treating Alzheimer's disease, 
stroke or Parkinson's disease. GRISWOLD-PRENNER, I, et al. A61K031/41 A61K031/47 
A61K031/517 A61K048/00. 



□ 42. WO2004078923A . Crystalline form of kinase domain of protein tyrosine kinase 2 (PYK2), 
useful for identifying potential PYK2 binding compounds that are useful in treating PYK2 associated 
diseases such as cancer or inflammation. IBRAHIM, P, et al. C07K016/40 C12N000/00 C12N001/00 
G01N033/53. 



□ 43. US20030 190688 A . Detection of activity of kinase and/or signaling pathway in cell or tissue 
involves contacting test cell or tissue with phospho-specific antibody(s). CROSBY, K, et al. 
G01N000/00 G01N033/574. 



□ 44. WO20Q3020698A . New substituted-2-arvl benzimidazole and benzofuran(3.2-c > )Quinoline 
compounds useful in the treatment of e.g. bone and cartilage related disorders, are protein tyrosine 
inhibitors. BOGIN, O, et al. A61K031/4184 CO7DO00/00 C07D235/18. 



□ 45. WO 200276985A . New kinase inhibitor useful e.g. for treating rheumatoid arthritis, psoriasis. 
BONDINELL, W E, et al. A61K03 1/4375 A61K03 1/4985 C07D487/04. 



□ 46. EP 1228766A . Use of HER3 or PYK2 protein, a nucleic acid encoding HER3 or PYK 
protein, or its complement, as a target for modulation of mitogen-activated protein kinase pathway. 
ULLRICH, A, et al. A61K03 1/7052 A61K038/00 A61K038/17 A61K038/45 A61K039/395 
A61P029/00 A61P035/00 A61P035/02 A61P043/00 C12Q001/48 G01N033/68. 

□ 47. US20020045191A . Treating Hepatitis B virus infection and hepatocellular carcinoma, by 
administering a compound that modulates the synthesis or expression of a target cellular gene or the 
activity of a target protein, e.g. Pvk2 kinase. KLEIN, N, et al. A01N037/34 A01N043/04 A61K03 1/275 
A61K031/277 A61K031/519 A61K031/70 A61K038/16 A61K038/17 A61K048/00 C07H021/04 
C12Q001/48 G01N033/53. 



□ 48. US20020052369A . New indolinone derivatives, useful as modulators of protein kinases and 
phosphatases for treating e.g. cancer, and inflammatory, immunological and cardiovascular disorders. 
HARRIS, G D, et al. A61K031/404 A61K03 1/4045 A61K031/4439 A61K031/4709 A61K031/4725 
A61K031/5377 A61P003/10 A61P009/00 A61P017/06 A61P019/02 A61P029/00 A61P035/00 
A61P037/02 A61P037/06 A61P043/00 C07D209/34 C07D401/14 C07D403/02 C07D403/14 
C07D413/02 C07D413/14 G01N033/53. 



□ 49. WO 200170953A . Use of an inhibitor of the interferon-gamma signaling pathway for 
preparation of a pharmaceutical composition useful in the treatment or prevention of restenosis. 
BAEUERLE, P, et al. A61K031/00 A61K031/417 A61K031/7088 A61K038/00 A61K039/395 
A61K045/00 A61K048/00 A61M031/00 A61P009/00 A61P009/08 A61P009/10 A61P043/00 
C12N009/00 C12N015/11 C12Q001/02 C12Q001/68 G01N033/15 G01N033/50. 



□ 50. WO 200056709A . New indolinone derivatives are protein kinase inhibitors used for treating 
e.g. cardiovascular, dermatological and immune disorders and cancer. HARRIS, G D, et al. A61K031/40 



http://westbrs:9000/bin/gate.exe?f=TOC 1 1 &queue=yes&state= 1 feh7e.34. 1 &USERID=gport.. . 4/26/06 



Record List Display 



Page 5 of 5 



A61K031/404 A61K031/4439 A61K031/5377 A61P003/10 A61P009/00 A61P009/10 A61P017/06 
A61P019/02 A61P029/00 A61P035/00 A61P037/00 A61P043/00 C07D209/34 C07D209:00 
C07D401/04 C07D401/06 C07D401/10 C07D401/12 C07D401/14 C07D403/06 C07D403/10 
C07D409/04 C07D409/10 C07D409/14 C07D413/12 C07D413/14 C12N009/99 C07D213:00 
C07D401/12 C07D213:00 C07D401/06 C07D333:00 C07D409/10 C07D409/10 C07D401/12 
C07D401/06 C07D333:00 C07D213:00 C07D213:00 C07D209:00 C07D209:00 C07D209:00. 
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□ 51. WO 2000491 44A . Pyk2 binding protein nucleic acids, polypeptides, antibodies and antisense 
oligonucleotides, the oligonucleotides are useful for treating cancer or a cardiovascular, 
neurodegenerative or immune disorder. CHEN, A, et al. A01K067/027 A61K03 1/7084 A61K045/00 
A61K048/00 A61P003/10 A61P009/00 A61P013/12 A61P017/02 A61P017/06 A61P019/04 
A61P025/00 A61P029/00 A61P035/00 A61P037/00 A61P043/00 C07H021/00 C07K014/47 
C07K016/18 C12N001/15 C12N001/19 C12N001/21 C12N005/10 C12N015/02 C12N015/09 
C12N015/11 C12N015/12 C12Q001/02 C12Q001/68 G01N033/15 G01N033/50 G01N033/53 
G01N033/566. 



□ 52. WO 200040971A . Identifying compounds for treating diseases/disorders characterized by an 
inflammatory response such as inflammatory bowel diseases, comprising assaying for modulators of the 
interaction between PYK2 polypeptide and a binding partner. GISHIZKY, M, et al. A01N043/38 
A61K03 1/343 A61K031/47 A61K031/498 A61K031/517 A61K031/661 A61K045/00 A61P001/00 
A61P001/02 A61P001/04 A61P007/00 A61P019/02 A61P019/04 A61P021/04 A61P027/02 
A61P029/00 C12N009/12 C12Q001/48 G01N033/15 G01N033/50 G01N033/53 G01N033/566 
G01N033/573 G01N033/68 G01N033/86. 



O 53. WO 200012084A . New 2-indolinone derivatives useful for treating cancer, autoimmune 
disorders and restenosis. MILLER, T A, et al. A61K031/34 A61K031/35 A61K031/36 A61K031/38 
A61K03 1/385 A61K031/39 A61K031/40 A61K031/404 A61K031/405 A61K031/41 A61K031/415 
A61K031/42 A61K03 1/425 A61K03 1/435 A61K031/44 A61K031/495 A61K031/50 A61K031/505 
A61K031/517 A61K031/519 A61K031/53 A61K031/535 A61K031/54 A61P003/10 A61P007/00 
A61P009/08 A61P017/06 A61P019/02 A61P029/00 A61P035/00 A61P037/02 A61P043/00 
C07D209/12 C07D209/34 C07D231/54 C07D235/02 C07D237/26 C07D239/70 C07D241/36 
C07D249/16 C07D251/16 C07D251/72 C07D253/065 C07D253/08 C07D257/04 C07D257/08 
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□ 54. WO 9921 859A . New azaoxindole derivatives useful for treating diseases characterized by a 
cellular proliferation. CHEUNG, M, et al. A61K031/435 A61K031/517 C07D000/00 C07D471/04 
C07D209:00 C07D221:00 C07D471/04. 



□ 55. US 6268391B . New benzylidene-di:hydro-indolone derivatives - useful as tyrosine kinase 
inhibitors, e.g. for treating cancer, rheumatoid arthritis or diabetes mellitus. DICKERSON, S, et al. 
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□ 2. RD 371034A . Screening for inhibitors or ras-protein partner interactions - using a ras-binding 
domain coated on scintillation plates and tritium-labelled GTP. C12N000/00. 
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L6: Entry 6 of 9 



File: PGPB 



Jul 15, 2004 



DOCUMENT-IDENTIFIER: US 20040136978 Al 
TITLE: Abin-mediated hepatitis protection 



Summary of Invention Paragraph : 

[0011] Recently, considerable progress has been made in understanding the details 
of signalling pathways that regulate and mediate NF-. kappa. B activation in response 
to TNF and IL-1. These cytokines act by binding to specific cell surface receptors, 
which in turn initiate the recruitment of a number of specific adaptor proteins, 
and the activation of a kinase complex that phosphorylates the NF-. kappa. B 
inhibitor I. kappa. B. The latter retains NF-. kappa. B in the cytoplasm in an inactive 
dimeric form. Once phosphorylated, I. kappa. B is marked for ubiquitination and 
subsequent degradation by the proteasome, allowing the nuclear translocation of NF- 
. kappa. B. Whereas members of the I. kappa. B family have been well studied as direct 
inhibitors of NF- . kappa. B, a number of other proteins have been reported to 
negatively regulate NF- . kappa . B-dependent gene expression. We and others have 
previously shown that the zinc finger protein A20 is a potent inhibitor of NF- 
. kappa. B activation in response to TNF, IL-1, LPS and CD-40 (reviewed in Beyaert et 
al., 2000). In addition, A20 also exerts an anti-apoptotic function in a number of 
cell lines. A20 is only expressed upon NF- . kappa . B activation, and is involved in 
the negative feedback regulation of NF-. kappa. B activation. A20-def icient mice were 
recently shown to be defective in the termination of NF-. kappa. B activation, 
leading to strong inflammatory responses and cachexia (Lee et al . , 2000). The 
underlying mechanisms responsible for the inhibition of NF- . kappa . B-dependent gene 
expression by A20 is still unclear. A20 interacts with the I . kappa . B kinase 
complex, as well as with TRAF2 and TRAF6, which are part of the I. kappa. B kinase 
activation cascade initiated by TNF and IL-l/LPS, respectively. In addition, three 
novel A20-binding proteins (ABIN, ABIN-2 and ABIN-3) were recently isolated. Upon 
overexpression in cell lines, these proteins were shown to inhibit NF-. kappa. B- 
dependent gene expression in response to TNF or IL-1 (Beyaert et al . , 2000; 
Heyninck et al., 1999; Van Huff el et al., 2001, Van Huff el et al . , unpublished; 
AJ320534) . 
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L6: Entry 7 of 9 File: PGPB Jun 10, 2004 



DOCUMENT- IDENTIFIER: US 20040110822 Al 

TITLE: Anhydride modified cantharidin analogues useful in the treatment of cancer 



Summary of Invention Paragraph : 

[0004] Following DNA damage induced by chemotherapy or radiation treatment these 
checkpoints are responsible for halting cell cycle progression in G.sub.l, S and/or 
G.sub.2 phases (O'Connor, 1996). The cell undergoes a cell cycle arrest so that the 
damaged DNA can be repaired before entry into S phase or mitosis. The phase at 
which the cell cycle is halted will depend upon the type of DNA damaging agent used 
and the point during the cell cycle that the damage was incurred (O'Connor, 1997) . 
The cell cycle is controlled and regulated by an intricate phosphorylation network 
(Stein et al., 1998). More particularly, activation of cdk/cyclin complexes 
requires the phosphorylation of a conserved threonine residue, which are catalysed 
by CAK kinase, as well as the removal of inhibitory phosphorylations by the 
phosphatase cdc25. Cdc25 is only active in its phosphorylated form. Therefore, 
protein phosphatase 2A (PP2A) can inhibit the activation of cdk/cyclin complexes by 
inhibiting CAK activity and by dephosphorylatinq cdc25. The G.sub.l/S checkpoint is 
predominantly regulated by the cdk/cyclin D/E complex that mediates its effects by 
phosphorylating and inactivating the tumour suppressor protein retinoblastoma 
(pRb) . The phosphorylation of pRb prevents it from interacting with the S-phase 
transcription factor E2F. E2F controls the transcription of proteins needed for DNA 
synthesis and entry into S-phase including thymidylate synthase. Accordingly, the 
inactivation of pRb by phosphorylation permits entry into the S-phase and vice 
versa. However, protein phosphatase 1 (PP1) can dephosphorylate pRb and inhibit the 
cell cycle (Durfee et al., 1993). Thus, PP1 and PP2A are both negative regulators 
of the cell cycle. Inhibition of PP1 and PP2A would abrogate these checkpoints and 
prematurely force cells through the cell cycle. 
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L6: Entry 1 of 9 



File: PGPB 



Mar 9, 2006 



DOCUMENT-IDENTIFIER: US 20060053499 Al 

TITLE: An invertebrate animal model with neurodegenerative phenotype for screening 
and testing substances 



Description of Disclosure : 

[0041] AMPK is a heterotrimer , consisting of the catalytic a subunit and a b and g 
subunit which are required for stabilization of the complex and kinase activity. 
The activity of the complex is regulated by phosphorylation through an upstream 
kinase and both phosphorylation as well as dephosphorylation are sensitive to AMP 
(Davies et al., 1995). For all three subunits different isoforms were identified 
which assemble to specific AMPK complexes with distinguishable tissue distribution 
in vertebrates (Stapleton et al., 1996; Thornton et al, 1998). Whether these 
different AMPK isoforms have distinguishable physiological functions is still 
unclear. In contrast to vertebrates where various isoforms are encoded by separate 
genes, the Drosophila g subunits are created by alternative splicing because we 
could not identify additional genes in the Drosophila Genome Project. Surprisingly, 
the Drosophila loe proteins contain domains not described in other species so far. 
That these domains play a pivotal role for the specific function of the different 
splice forms is shown by the rescue experiments using different splice forms and 
deletion constructs which do not or only partially restore the wild type function. 
In addition, the failing rescue experiments suggest that the function of the 
various isoforms goes beyond the regulation of the energy demand and very likely 
the same applies to vertebrate isoforms. 
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L6: Entry 2 of 9 



File: PGPB 



Feb 9, 2006 



DOCUMENT-IDENTIFIER: US 20060030616 Al 

TITLE: Anhydride modified cantharidin analogues useful in the treatment of cancer 
Brief Summary Text : 

[0003] Following DNA damage induced by chemotherapy or radiation treatment these 
checkpoints are responsible for halting cell cycle progression in G.sub.l. S and/or 
G.sub.2 phases (O'Connor, 1996). The cell undergoes a cell cycle arrest so that the 
damaged DNA can be repaired before entry into S phase or mitosis. The phase at 
which the cell cycle is halted will depend upon the type of DNA damaging agent used 
and the point during the cell cycle that the damage was incurred (O'Connor, 1997) . 
The cell cycle is controlled and regulated by an intricate phosphorylation network 
{Stein et al . , 1998). More particularly, activation of cdk/cyclin complexes 
requires the phosphorylation of a conserved threonine residue, which are catalysed 
by CAK kinase, as well as the removal of inhibitory phosphorylations by the 
phosphatase cdc25. Cdc25 is only active in its phosphorylated form. Therefore, 
protein phosphatase 2A (PP2A) can inhibit the activation of cdk/cyclin complexes by 
inhibiting CAK activity and by dephosphorylatinq cdc25. The G.sub.l/S checkpoint is 
predominantly regulated by the cdk/cyclin D/E complex that mediates its effects by 
phosphorylating and inactivating the tumour suppressor protein retinoblastoma 
(pRb) . The phosphorylation of pRb prevents it from interacting with the S-phase 
transcription factor E2F . E2F controls the transcription of proteins needed for DNA 
synthesis and entry into S-phase including thymidylate synthase. Accordingly, the 
inactivation of pRb by phosphorylation permits entry into the S-phase and vice 
versa. However, protein phosphatase 1 (PP1) can dephosphorylate pRb and inhibit the 
cell cycle (Durfee et al . , 1993). Thus, PP1 and PP2A are both negative regulators 
of the cell cycle. Inhibition of PP1 and PP2A would abrogate these checkpoints and 
prematurely force cells through the cell cycle. 



Previous Doc 



Next Doc 



Go to Doc# 



http://westbrs:9000ftin/cg^ 4/26/06 



Recuid Display Furm 



Page 1 uf 1 



H£ .LaserJet AlQQ&tijfa pw&& 



lc# 



invent 




^ L6: Entry 3 of 9 A ...... 

Error: Unable to store job at printer 

Reason: Printer not configured to collate 



File: PGPB 



Oct 27, 2005 



DOCUMENT-IDENTIFIER: US 20050239134 Al 

Sbl§fiOnS ombi faStrtl-ai EI0sSftFd^isK. P h osphorothioate single-stranded DNA aptamers for 
TGF-beta-1 protein 



Summary of Invention Paragraph : 

[0030] The cognate TGF-.beta. ligand initiates signaling by binding to and bringing 
together type I and type II receptor serine/threonine kinases on the cell surface, 
thus forming an "active receptor signaling complex, " which allows the type II 
receptor to phosphorylate the type I receptor kinase domain and which propagates 
the signal by directly phosphorylating the "receptor-regulated" R-Smad proteins 
(Smads 2, 3 involved in TGF-.beta. subfamily signaling and Smads 1, 5 and 8 
involved in BMP subfamily signaling) . Once activated, the R-Smads undergo 
homotrimerization and form a heteromeric complex with the Co-Smad (Smad 4) . The R- 
Smad-Co-Smad complex translocates to the nucleus of the cell, and in conjunction 
with other nuclear factors, regulates the transcription of genes. The inhibitory I- 
Smads (Smads 6, 7) may regulate negatively TGF-.beta. signaling by competing with 
R-Smads for either receptor or Co-Smad interaction and/or by targeting the 
receptors for ubiquitination and degradation. The aptamers and thioaptamers of the 
present invention may be used alone or in combination, e.g., by providing two or 
more thioaptamers that are specific for the TGF-.beta. ligand and/or its receptors 
and/or inhibitors to provide combination thioaptamer therapy. 
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Detail Description Paragraph : 

[0191] Next, it was determined whether Cln/Cdc28, present in small amounts in the 
ubiquitination reaction, is also required for additional steps in the 
ubiquitination process (e.g, to phosphorylate the ubiquitination machinery). This 
was accomplished by treating bacterial Sicl with Cln2/Gst-Cdc28 complexes 
immobilized on GSH-Sepharose beads, removing the complexes from the beads prior to 
use in ubiquitination reactions, and determining whether the complexes were free of 
soluble kinase by immunoblotting with anti-HA antibodies (See, FIG. 3D, lane 3) . 
These results indicated that Sicl phosphorylated in this manner was also 
efficiently ubiquitinated (See, FIG. 3D, lane 9) . Thus, these data indicated that 
Sicl phosphorylation constitutes the primary requirement of Cln/Cdc28 kinases in 
Sicl ubiquitination in the in vitro reaction. 
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ABSTRACT 



The present invention provides compositions and methods 
for gene identification, as well as drug discovery and assess- 
ment. In particular, the present invention provides compo- 
nents of an E3 complex involved in ubiquitination of cell 
cycle regulators and other proteins, as well as members of a 
class of proteins that directly function in recognition of 
ubiquitination targets. The present invention also provides 
sequences of multiple F-box proteins. 
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; a slimb protein, and a sample suspected of 
y. factors; and 



b) exposing said slimb protein to said sample under 
conditions such that said slimb protein binds to said one 
or more NF-kB regulatory factors to form a slimb/ 
regulatory factor complex. 

2. The method of claim 1, further comprising the step of 
detecting said slimb/regulatory factor complex. 

3. The method of claim 1, further comprising the step of 
observing said slimb/regulatory factor complex for degra- 
dation of said one or more NF-kB regulatory factors. 

4. The method of claim 1, further comprising the step of 
exposing said slimb protein and °J ]^ g r L mo re NF-kB regu- 



5. The method of claim 4, wherein said F-box protein 
antagonist prevents the formation of said slimb/regulatory 
factor complex. 

6. A method for the detection of a slimb protein complex, 
comprising the steps of: 



a) providing a slimb protein and a sample suspected of 
containing one or more proteins capable of forming a 
complex with said slimb protein; and 

b) exposing said slimb protein to said one or more 
proteins capable of forming a complex with said slimb 
protein under conditions such that said slimb protein 
binds to said one or more proteins capable of forming 
a complex with said slimb protein to form a slimb 
protein complex. 

7. The method of claim 6, further comprising the step of 
detecting said slimb protein complex. 

8. The method of claim 6, wherein step b) further com- 
prises exposing said slimb protein and said one or more 
proteins capable of forming a complex with said slimb 
protein to an F-box protein antagonist. 

9. The method of claim 8, wherein said F-box protein 
antagonist prevents the formation of said slimb protein 
complex. 

10. An isolated nucleotide sequence comprising nucle- 
otide sequence encoding at least one functionally active 
fragement of an F-box protein, wherein said sequence con- 
sists of a least a portion of the sequence set forth in SEQ ID 
NOS: 54 and 56. 
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Detail Description Paragraph : 

[0351] Adenylate cyclase and other cell surface effector proteins mediate signals 
between upstream receptor binding events and downstream regulatory cues involved in 
the digitization of incoming analog signals. V. J. Watts reviews the molecular 
mechanisms of adenylate cyclase activation. The nine-membrane bound isoforms of the 
enzyme adenylate cyclase (AC) are highly regulated by neurotransmitters and drugs 
acting through GPCRs to modulate intracellular cAMP levels (V. J. Watts, Molecular 
Mechanisms for Heterologous Sensitization of Adenylate Cyclase, J. Pharm. Exptl. 
Thera. 302(1), 1-7, 2002). G. G. Kelley and others report on the mechanisms and 
regulation of phospholipase-C . epsilon . , a recently discovered effector molecule 
with many activities distinct from those of other phospholipase isoforms, 
particularly with respect to the manner of involvement of GPCRs in its regulatory 
cascade (G. G. Kelley, S. E. Reks and A. V. Smrcka, Hormonal regulation of 
phospholipase C. epsilon. through distinct and overlapping pathways involving G12' 
and Ras family G-proteins, Biochem. J., 378, 129-139). Heterologous and homologous 
phosphorylation and dephosphorylation of effector and receptor complexes by PKA and 
receptor-specific kinases and other regulatory molecules result occurs in response 
in ligand concentration. High concentrations of ligand result in down regulation of 
receptors with high specifities for the binding ligand through phosphorylation by 
receptor specific kinases. Lower concentrations of ligand result in a rhythmic 
phosphorylation/dephosporylation of affected receptors digitizing incoming signals. 
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Development of anticancer drugs targeting the MAP kinase 

Judith S Sebolt-Leopold**' 

'Pfizer Global Research and Development, Ann Arbor Laboratories, Ann Arbor, Michigan, Ml 48105, USA 




Since the discovery of the rote of ras oncogenes in 
tumorigenesis, we have witnessed an explosion of 
research in the signal transduction area. In the quest to 
understand how Ras transmits extracellular growth 
signals, the MAP kinase (MAPK) pathway has emerged 
as the crucial route between membrane-bound Ras and 
the nucleus. The MAPK pathway encompasses a cascade 
of phosphorylation events involving three key kinases, 
namely Raf, MEK (MAP kinase kinase) and ERK 
(MAP kinase). This kinase cascade presents novel 
opportunities for the development of new cancer 
therapies designed to be less toxic than conventional 
chemotherapeutic drugs. Furthermore, as a signal 
transduction-based approach to cancer treatment, inhibi- 
tion of any one of these targets has the potential for 
translational pharmacodynamic evaluation of target 
suppression. The rationale for targeting the MAP kinase 
pathway will be reviewed here along with a discussion of 
various pharmacological approaches and the promise 
they hold for a new generation of anticancer drugs. 
Oncogene (2000) 19, 6594-6599. 

Keywords: mitogen-activated protein kinase (MAPK); 
extracellular signal-regulated kinase (ERK); MAP 
kinase kinase (MEK); raf 



Introduction 

Many receptor tyrosine kinases and cytokine receptors in 
association with heterotrimeric G proteins are known to 
activate intracellular protein serine/threonine kinases 
termed mitogen-activated protein kinases (MAPKs). Of 
the various families of MAPKs, which are also referred 
to as extracellular signal-regulated kinases (ERKs), the 
first to be characterized were ERK1 and ERK2. Both of 
these ERKs are activated in response to diverse 
extracellular stimuli and by protooncogene-encoded 
proteins that induce proliferation, A cascade of 
phosphorylation events downstream from Ras activates 
these kinases. Upstream regulation of the MAP kinase 
pathway is complex as evidenced by the number of 
functions fulfilled by its activation. Processes impacted 
by MAPK activation encompass the cytoplasm, nucleus, 
cytoskeleton, and the membrane. The reader is referred 
elsewhere for comprehensive reviews on the subject of 
regulation through MAPK cascades (Cobb, 1999; Lewis 
et al, 1998; Kolch, 2000). 

The Raf-MEK-ERK pathway represents one of the 
best characterized Ras signaling pathways. Raf and 
MEK have consequently emerged as key protein 
kinases to target for anticancer drug design. While 
there exist multiple MAP kinase families, e.g. jun 
kinase and p38, which are also activated downstream 
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of low molecular weight G-proteins, ERK has been the 
best characterized and is more pertinent to aberrant 
signaling in human cancer. For some cancers, espe- 
cially those of hematopoietic origin, the p38 and jun 
kinase pathways may in fact yield targets exploitable 
for anticancer drug development. However, a broad 
array of solid tumors is known to express constitutive 
levels of phosphorylated ERKi and ERK2. Activation 
of ERK is critical for a large number of Ras-induced 
cellular responses. Included among these responses is 
transcriptional activation of multiple genes (Hill and 
Treisman, 1995). The best-characterized physiological 
substrates of ERK are ternary complex factors (TCFs), 
which are directly phosphorylated by ERK to activate 
their transcription activation potential (Gille et al., 
1992; Janknect et al., 1993; Marais et al., 1993). TCFs, 
in association with serum response factor, is thought to 
be critical for the activation of numerous mitogen- 
inducible genes (Hill and Treisman, 1995). 

Many molecules ultimately contribute to activation 
of the Ras-ERK pathway, including a number that are 
involved in protein-protein interactions. With respect 
to pharmacological intervention, it is generally difficult 
to selectively target the binding site shared by two 
proteins. It is therefore not coincidental that the 
development of agents targeting the Ras-MAPK path- 
way has largely focused on the design of small 
molecule inhibitors of enzyme function. As will be 
explored in more detail below, four proteins have 
emerged as key players in the quest to intervene in this 
pathway: Ras, Raf, MEK (MAP kinase kinase), and 
ERK. Ras is the subject of a paper that appears 
elsewhere in this review issue and therefore will not be 
covered further here. 

Rationale for targeting the MAP kinase pathway 

Figure 1 provides a simplified schematic representation 
of the signaling events leading to activation of the MAP 
kinase pathway. Initially, Ras interacts with and 
activates the serine/threonine protein kinase Rafl in a 
GTP-dependent manner (Daum et al., 1994; Stokoe et 
al., 1994). A family of Raf protein kinases has been 
identified and is comprised of A-Raf, B-Raf, and c- 
Rafl. It has been suggested that this family of kinases, 
which is known to regulate proliferation, differentia- 
tion, and apoptosis, have both overlapping and unique 
regulatory functions (Hagemann and Rapp, 1999). For 
example, transfection of oncogenic H-ras led to a 
preferential activation of endogenous c-Rafl as op- 
posed to A-Raf (Weber et al, 2000). Mutated Raf-1 is 
constitutively active and possesses in vitro transforming 
potential (Stanton and Cooper, 1987). The potential for 
Raf- 1 to play a broad role in tumorigenesis is evidenced 
by its ability to become activated by either PKCot or the 
antiapoptotic protein Bcl-2 in a Ras-independent 
manner (Kolch et al., 1993; Wang et al., 1996). 
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Figure 1 Schematic representation of the Ras-MAP kinase 
pathway. The MAP kinase cascade contains three sequential 
kinases: a MAP kinase kinase kinase (Raf), MAP kinase kinase 
(MEK), and MAP kinase (ERIC) 



Importantly, raf mutations have been identified in a 
range of human tumors (Storm and Rapp, 1993). 
Independent of its mutation status, Raf is also activated 
in tumor cells containing enhanced growth factor 
signaling pathways, such as those induced by mutant 
or constitutively expressed Ras or EGF receptor family 
members. Therefore, the collective evidence suggests 
that Raf-1 is a viable anticancer drug target. 

Alternatively, targeting the molecule immediately 
downstream from Raf, that is, the dual specificity 
kinase MEK can also be envisioned as representing a 
rational approach to anticancer drug design. Subse- 
quent to its activation, Raf-1 phosphorylates and 
activates both MEK1 and MEK2 (hereafter referred 
to as MEK) on two distinct serine residues (Dent et al, 
1992; Crews et al, 1992; Her et al, 1993). Activated 
MEK then phosphorylates ERK1 and ERK2 on both 
a tyrosine and a threonine residue (Anderson et al, 
1990). No substrates for MEK have been identified 
other than ERK1 and ERK2 (Seger et al, 1992). This 
tight selectivity in addition to the unique ability to 
phosphorylate both tyrosine and threonine residues are 
consistent with this kinase playing a central role in 
integration of signals into the MAPK pathway. 
Constitutive activation of MEK has been shown to 
result in cellular transformation (Cowley et al, 1994; 
Mansour et al, 1994). While MEK has not been 
identified as an oncogene product, MEK is the focal 
point of many signal transduction mitogenic pathways 
activated by proven oncogenes. Pivotal studies carried 
out with the MEK inhibitor PD98059 provided further 
impetus for exploring whether MEK could be exploited 
as a target for rational anticancer drug design. In these 
studies, MEK inhibition not only impaired prolifera- 
tion, but also impacted a diverse array of cellular 
events, including differentiation, apoptosis, and angio- 
genesis (Dudley et al, 1995; Alessi et al, 1995; Pages et 
al, 1993; Pang et al, 1995; Finlay et al, 2000; 
Holmstrom et al, 1999; Elliceiri et al, 1998; Milanini 
et al, 1998). Based on these collective findings, MEK 
therefore represents an attractive target for pharmaco- 
logical intervention in cancer. 



Theoretically, it could be argued that intervention in 
any of the kinase events in the MAPK cascade could 
represent a viable approach to crippling tumor growth. 
If so, then Raf-1, MEK, and ERK all emerge as 
reasonable anticancer drug targets. The advent of high 
volume screening of pharmaceutical libraries for small 
molecule inhibitors has most certainly produced 
reasonable drug candidates targeting all steps of this 
pathway. For example, a cascade assay has been 
reported that is capable of identifying inhibitors of 
cRafl, MEK1, or ERK2 (McDonald et al, 1999). As 
we now turn to preclinical and clinical evaluation of 
these small molecule inhibitors, it is important to keep 
in mind that their ultimate promise or differences may 
depend as much on their pharmacological attributes as 
on the merits of their targeted kinase. 

It should be noted that the identification of pathway 
components in the Ras-MAP kinase pathway is likely 
incomplete. For example, a Raf-1 -interacting protein, 
RKIP, has recently been reported (Yeung et al, 1999). 
This protein inhibits the phosphorylation and activation of 
MEK by Raf-1 and has also been shown to co-localize with 
Raf-1. It has been proposed that RKIP binding to either 
Raf-1 or MEK dissociates Raf-MEK complexes, thereby 
interrupting MEK activation and downstream signaling 
(Yeung et al, 2000). Discovered with the use of a yeast 
two-hybrid system, the relevance of RKIP expression to 
signal transduction in tumor cells is unclear at the present 
time. Furthermore, until we learn whether RKIP expres- 
sion is negatively regulated, it remains unclear how to 
pharmacologically elevate its expression to impair tumor 
growth. Although highly speculative based on our current 
knowledge of the role of RKIP, it is conceivable that 
elevated expression of this protein could offer tumor cells a 
mechanism of resistance to MAPK pathway inhibitors. 

There exist a multitude of other newly discovered 
proteins that may provide insight into the design of 
novel signal transduction-based cancer therapies that 
exploit the MAP kinase pathway. These include Sur-8, 
which is thought to act as a scaffold to enhance Ras- 
MAP kinase signaling by facilitating Ras-Raf interac- 
tion (Li et al, 2000), as well as the kinase suppressor of 
Ras (KSR). KSR is also thought to act as a scaffolding 
protein for the Ras-MAPK pathway (Stewart et al, 
1999). Another interesting protein is MP-1, which has 
been reported to enhance activation of the MAPK by 
binding MEK (Schaeffer et al, 1998). Last but not 
least, a novel ERK has recently been identified, 
ERKlb, which is an alternatively spliced form of 
ERK1, that appears to be elevated in Ras-transformed 
cells (Yung et al, 2000). 

Amenability of the MAP kinase pathway to 
pharmacodynamic evaluation 

Using an antibody specific for dually phosphorylated 
ERK1 and ERK2, in vivo evaluation of MEK 
inhibition can easily be measured in excised samples. 
The utility of such an assay in preclinical animal 
models was demonstrated for the MEK inhibitor 
PD 184352 (Sebolt- Leopold et al, 1999). Phosphory- 
lated MAPK is the product of MEK activity and thus 
represents a direct measure of MEK inhibition. Using 
an antibody specific for phosphorylated MEK, ex vivo 
evaluation for Raf inhibition should likewise be 
straightforward. However, pharmacodynamic evalua- 
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tion of ERK inhibitors would be complex, as multiple 
nuclear proteins and transcription factors are sub- 
strates for phosphorylated ERK. 

At the preclinical stage, pharmacodynamic assays are 
not only useful for optimizing the design of dosing 
regimens, but also offer the advantage of being able to 
correlate antitumor efficacy with inhibition of the 
biochemical target. A large number of cell lines as well 
as primary human tumors have been surveyed for 
constitutive activation of the MAPK pathway (Hoshino 
et al, 1999). It will be of interest to correlate the degree 
of target expression of a given tumor with its inherent 
sensitivity to agents directed against that target. The 
data obtained thus far with the MEK inhibitor 
PD 1843 52 suggest that tumors containing high level 
expression of phosphorylated MAP kinase are most 
sensitive to treatment with this agent (Sebolt-Leopold et 
al, 1999). There are obvious clinical implications if this 
pattern continues during the expansion of our database; 
such assays could then be exploited as prognostic tools 
to identify those patients most likely to derive 
therapeutic benefit from treatment with a given agent. 

Figure 2 demonstrates the applicability of pharma- 
codyamic evaluation of PD 184352 to a range of tissues 
or cells (Sebolt-Leopold, unpublished data). Twenty- 
four hours after an oral dose of 200 mg/kg was 
administered to monkeys, significant inhibition of 
MAPK phosphorylation was observed in lung as well 
as skin tissue (Figure 2a,b, respectively). Looking 
ahead to the clinical setting, biomarker evaluation of 
phosphorylated MAPK levels can also be measured in 
PMA-stimulated peripheral blood mononuclear cells 
(Figure 2c). Such assays have the potential to define a 
dose threshold that delivers total suppression of the 
desired target. For a target such as MEK that is 
thought to offer tumor-specific pharmacologic effects, 
Phase II trials may not need to be carried out at the 
MTD determined from Phase I studies. 

Pharmacological approaches to targeting the MAPK 
pathway 

The only Raf-directed approach for which preclinical 
efficacy data have been published is that employing a c- 
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Figure 2 Effects of the MEK inhibitor PD 184352 on phos- 
phorylated MAP kinase (pMAPK) levels in (a) monkey lung, (b) 
monkey skin, and (c) human peripheral blood mononuclear cells 
(PBMCs). Monkeys were administered an oral dose of 200 mg/mg 
PD 1843 52 (+) or diluent (-) followed 24 h later by excision of 
the indicated tissue for analysis of pMAPK. Human whole blood 
was spiked with 1 jam PD1 84352 followed immediately by 
stimulation with PMA and isolation of PBMCs for evaluation 
of pMAPK levels 



raf-1 antisense oligonucleotide. ISIS 5132 is a 20-base 
phosphorothioate antisense oligodeoxynucleotide de- 
signed to hybridize to 3' untranslated sequences of c- 
raf-1 mRNA (Monia et al, 1996). Reduction of c-raf-1 
mRNA was shown to occur in tumor-bearing mice 
treated with relatively low doses. Importantly, pre- 
clinical efficacy and toxicology studies suggested a large 
therapeutic window for ISIS 5132 (Henry et al, 1997). 
Early clinical data have recently been reported with 
ISIS 5132 (Stevenson et al, 1999; Yuen and Sikic, 
2000). This agent was well tolerated and suppression of 
target gene expression was observed in peripheral 
blood mononuclear cells (O'Dwyer et al, 1999). 
However, Phase II data have not yet been published. 

It is anticipated that clinical data will soon emerge 
from testing of small molecule inhibitors of raf kinase. 
Based on the patent literature, several classes of 
substituted ureas have been identified as raf kinase 
inhibitors (Bayer, 1999a,b,c, 2000). Benzamides have 
also been investigated for their raf kinase inhibitory 
activity (Zeneca, 1998). It has been reported that a 
potent and specific inhibitor of Raf isoforms in vitro, 
ZM 336372 paradoxically induces significant activation 
of c-Raf without inducing any activation of MEK1 or 
ERK2 (Hall- Jackson et al, 1999). The authors 
speculate that Raf may suppress its own activation 
by virtue of a novel feedback loop. If so, then 
inhibition would be counterbalanced by reactivation 
which would limit the utility of raf kinase inhibitors as 
anticancer agents. Clinical testing of raf kinase 
inhibitors will likely clarify this paradox. It should 
also be noted that growth factor-stimulated ERK is 
capable of retrophosphorylating MEK in a negative 
feedback fashion (Brunet et al, 1994). Yet, MEK 
inhibitors, e.g. PD 184352, clearly exhibit promising 
preclinical activity in a number of human and murine 
tumor models. This suggests that the retrophosphor- 
ylation-derived negative regulation does not inactivate 
the pathway. 

An orally active small molecule inhibitor of MEK 
has provided in vivo validation for targeting MEK for 
anticancer drug design (Sebolt-Leopold et al, 1999). In 
this study, PD 184352, a non-ATP-competitive, highly 
selective inhibitor of MEK, was found to significantly 
inhibit growth of colon carcinomas of both mouse and 
human origin. Importantly, efficacy was achieved at 
well tolerated doses and was correlated with a 
reduction in the levels of activated MAPK in excised 
tumors. In addition to impairing tumor proliferation, 
PD 184352 was found to block the disruption of cell- 
cell contact and motility required for invasion. This 
finding is consistent with earlier reports indicating that 
hepatocyte growth factor (HGF) induces dispersion of 
epithelial cells by a Ras-dependent mechanism. The 
MEK/MAPK pathway is an essential mediator of 
HGF-induced cell scattering (Ridley et al, 1995; 
Herrera, 1998; Potempa and Ridley, 1998; Tanimura 
et al, 1998), PD 184352 (now designated CI- 1040) is 
presently undergoing Phase 1 evaluation in cancer 
patients. 

Once activated, a fraction of cytoplasmic ERK1 and 
ERK2 translocates into nuclei (Lenormand et al, 1993). 
In this way, these MAP kinases enable the regulation 
of gene expression by phosphorylation of nuclear 
transcription factors. While selective ERK1/ERK2 
inhibitors have not been described in the literature, 
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intervention in activation of transcription factors may 
prove to be an exploitable approach for anticancer 
drug development. Until ERK inhibitors are evaluated, 
the pharmaceutical attractiveness of this kinase is left 
to speculation. It is not clear whether direct inhibition 
of ERK would prove to be more toxic than inhibition 
of the upstream kinases Raf and MEK. Whereas a null 
mutation in the MEK1 gene proved to be embryonic 
lethal, ERK1 knockout mice were viable and of normal 
size (Giroux et al, 1999; Pages et al 1999). However, in 
the case of the p38 MAP kinase family, it has been 
shown that p38 null mutants result in an embryonic 
lethal phenotype, unlike the case for MKK3 knockouts 
(Allen et al, 2000; Lu et al, 1999). Aside from 
unresolved theoretical concerns regarding potential 
toxicities, a priori ERK and MEK inhibitors might 
be expected to act similarly since ERK can only be 
activated by MEK. This is in contrast to the situation 
in the p38 pathway where p38 can be activated by 
three distinct MKKs. Therefore, to target the pertinent 
upstream MAP kinase kinases in the p38 pathway, it 
might prove necessary to abolish activity of not one 
but three enzymes, namely MKK3, MKK4, and 
MKK6. 
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Days Post Implant 

Figure 3 Effects of oral PD184352 (CM040) treatment on 
growth of staged pancreatic BxPc3 xenografts. Treatments of 
mice bearing subcutaneous implants of BxPc3 tumors was 
initiated when tumors reached 100 mg in size. PD 18452 was 
administered orally three times a day on days 13 through 26 post- 
implantation. Doses administered were 200 mg/kg (♦), 124 mg/ 
kg (■, dashed line), 77 mg/kg (#), and 48 mg/kg (A). Controls 
plotted here included untreated animals (□) and diluent- treated 
animals (■, solid line) 



Blockade of the MAP kinase pathway exerts pleiotropic 
effects exploitable in future clinical trial design 

Of the numerous therapeutic approaches to cancer 
treatment, most take the form of a single-pronged 
attack aimed at either: (1) slowing of tumor growth, (2) 
inhibition of invasion and metastasis, (3) induction of 
tumor cell death, or (4) promotion of tumor differ- 
entiation. However, by pharmacological intervention of 
the MAP kinase pathway, one can envision a single 
agent that concurrently exploits more than one of these 
processes. Perhaps the best evidence in support of this 
statement is provided by the collective data obtained 
with MEK inhibitors. 

Greater than 1500 references appear in the literature 
describing the utility of PD98059 in elucidating the role 
of the MAP kinase pathway in diverse cellular 
processes. The involvement of this pathway in tumor 
proliferation is well documented. While not all tumors 
rely on MAP kinase activation to drive their growth, a 
significant percentage of human tumors do in fact 
exhibit constitutive activation of the MAPK pathway 
(Hoshino et al, 1999). MEK inhibition has been shown 
to effectively shut down tumor growth in vivo in a 
cytostatic manner (Sebolt-Leopold et al, 1999). 
However, MEK inhibition has also proven to induce 
tumor regressions in some xenograft models, e.g. 
pancreatic BxPc3, as exemplified in Figure 3 (Merri- 
man and Sebolt-Leopold, unpublished data). These 
results are consistent with an increase in apoptosis 
occurring in response to MEK inhibition. This is 
perhaps not surprising in view of evidence that one of 
the phosphorylation sites on the pro-apoptotic mole- 
cule BAD, i.e. serine- 112, is phosphorylated by MAP 
kinase (Fang et al., 1999; Scheid et al, 1999). 
Phosphorylation of this site results in loss of the 
ability of BAD to heterodimerize with the survival 
protein BCL-2. Thus, by promoting interaction 
between BAD and BCL-2, it appears feasible that 
inhibition of MEK would serve to increase the 
incidence of apoptosis. In BxPc3 tumors that had 



regressed in response to treatment with the MEK 
inhibitor CI- 1040, reduced phosphorylation of the 
serine-112 site on BAD was demonstrated ex vivo 
(Sebolt-Leopold, unpublished results). It should also be 
noted that a recent report indicates that activation of 
the MAPK pathway acts to protect pancreatic tumor 
cells from apoptosis by regulating expression of Bcl-2 
(Boucher et al, 2000). 

Inhibition of MAP kinase signaling is also antici- 
pated to result in anti-metastatic and anti-angiogenic 
effects. Activation of the MAPK pathway occurs in 
response to integrin-mediated cellular adhesion to the 
extracellular matrix, which plays a critical role in both 
tumor metastasis and angiogenesis (Chen et al., 1994; 
Zhu and Assoian, 1995). It was recently reported that 
active ERK is targeted to newly formed focal 
adhesions after integrin engagement of v-Src activa- 
tion, providing support for a role for ERK in 
regulation of adhesion (Fincham et al., 2000). 
Transfection of constitutively active MEK, which 
resulted in increased expression of matrix metallopro- 
teinases 2 and 9 as well as cathepsin L, resulted in 
macroscopic metastases (Welch et al., 2000). It is 
therefore not surprising that MEK inhibition in colon 
tumor models resulted in decreased invasiveness as well 
as inhibition of cell motility (Sebolt-Leopold et al, 
1999). It is also anticipated that inhibition of MAPK 
signaling will negatively impact angiogenesis. Such an 
effect is likely based on our knowledge of sustained 
activation of MAPK being required for angiogenesis 
(Eliceiri et al, 1998). MAPK activation is probably 
also required for growth factor-induced secretion of 
angiogenic growth factors from tumor cells (Petit et al, 
1997). 

Therefore, evidence would seem to suggest that 
single agent treatment with a drug targeted against 
the MAPK pathway could potentially impair tumor 
survival by more than one of the therapeutic 
approaches outlined above. It is likely however that 
the design of future clinical trials with MAPK pathway 



Oncogene 



✓yv Antitumor potential of Raf, MEK and MAPK inhibitors 
tli JS Sebolt-Leopold 

6598 

inhibitors will attempt to boost therapeutic kill by 
employing combination regimens. Two classes of 
chemotherapeutic agents of particular interest in this 
regard are mitotic inhibitors, e.g. taxanes, as well as 
platinum-coordination complexes, e.g. cisplatin and 
carboplatin. The kinetochore motor protein CENP-E, 
which was found in vivo to associate preferentially with 
active MAPK during mitosis, was also phosphorylated 
by MAPK at sites known to regulate its interactions 
with microtubules (Zecevic et al., 1998). These 
investigators propose that MAP kinase may play a 
role in mitosis by affecting the ability of CENP-E to 
mediate interactions between microtubules and chro- 
mosomes. Cell culture experiments have shown that the 
combination of taxol with the MEK inhibitor CI- 1040 
results in a significant increase in apoptotic frequency 
that is greater than that predicted from the additive 
effects of each agent tested alone (Sebolt-Leopold, 
unpublished data). 

With respect to platinum coordination complexes, 
cisplatin treatment of ovarian carcinoma cells or HeLa 
cells has been reported to result in induction of ERK 
activity (Persons et al., 1999; Wang et ai, 2000). 
Furthermore, inhibition of cisplatin-induced ERK 
activity by the MEK inhibitor PD98059 resulted in 
enhanced cytotoxicity in response to cisplatin treat- 
ment. Thus the combination of cisplatin or carboplatin 
with MAPK pathway inhibitors warrants further 
investigation for potential clinical benefit. The p53 
phenotype may play a role in determining whether the 
combination of a MAPK signaling antagonist with a 
cytotoxic agent results in synergistic cell kill, since a 
link has been established between p53 signaling and the 
MAPK cascade. It has been reported that treatment of 
normal cells with DNA-damaging agents induced ERK 
activation in a p53-dependent manner, whereas tumor- 
derived p53 mutants that were defective in DNA- 
binding failed to activate ERK (Lee et al., 2000). 
Interestingly, it was recently reported that inhibition of 
ERK activation by MEK inhibition resulted in 
decreased accumulation of p53 during exposure to 
cisplatin (Persons et aL, 2000). These investigators 
further showed that p53 was phosphorylated by ERK 
in vitro in an event antagonized by MEK inhibition 
during cisplatin treatment. Thus it appears likely that 
ERK activation induced by cisplatin regulates the p53 
response to cytotoxic damage induced by this DNA- 
damaging agent. 

While only two examples have been given here, one 
could rationalize the combination of a MAPK pathway 
inhibitor with a multitude of other agents. If single 
agent treatment with MAPK signaling antagonists 
proves to be well tolerated upon chronic dosing, it is 
tempting to speculate that these drugs might also prove 
useful in preventing the emergence of hormone- 
resistant cancers. For example, estrogen-dependent 
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breast cancers that initially respond to tamoxifen 
treatment frequently become resistant. It has been 
shown that this shift in hormone-response pattern is 
accompanied by a shift from MAPK-independent to 
MAPK-dependent cell growth (Lange et al. t 1996). 
Along these same lines, data exist in support of 
increased activation of the MAP kinase pathway as 
prostate cancer progresses to a more advanced and 
androgen-independent state (Gioeli et al., 1999). 

Looking to the future 

The ultimate therapeutic promise of signaling antago- 
nists directed against the MAPK pathway can only be 
determined from human testing. Until we have gained 
clinical experience on their safety and efficacy profiles, 
arguing the merits of targeting one kinase versus 
another remains an academic exercise. Clearly, the 
chances for clinical success will be enhanced if human 
trials are designed to exploit the mechanism of action 
of the agent under study. Combination regimens 
employing chemotherapeutic agents have generally 
been driven by safety considerations, i.e. combination 
of cytotoxic agents with non-overlapping toxicities. 
With the development of signaling antagonists that are 
considerably less toxic, it will be important to turn our 
attention to combining MAPK pathway inhibitors with 
cytotoxic agents or with other signaling antagonists 
based on anticipated mechanistic-based synergy. 

As these agents enter the clinic, reagents will be 
available to directly monitor target suppression. The 
use of such biomarker analysis will not only aid dose 
escalation, but also offers the advantage of correlating 
efficacy with the degree of activity anticipated by the 
extent of target suppression. The advantages of having 
pharmacodynamic assays available for analysis of 
clinical samples can not be overstated. The field of 
clinical oncology is plagued by examples of negative 
clinical trials, where it is not clear if lack of efficacy 
was due to the inhibited target being inconsequential to 
outcome or simply whether the requisite degree of 
target inhibition was not achieved. Furthermore, if 
retrospective data analysis from clinical trials shows 
that the degree of target expression correlates well with 
sensitivity to the test agent, then this has obvious 
prognostic implications when tumor biopsy material is 
available. 

In summary, the next decade will no doubt represent 
a very exciting time in the field of clinical oncology, as 
a number of signaling antagonists, including inhibitors 
of the MAP kinase pathway, get put to the real test. 
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Abstract 

The mitogen-activated protein kinase (MAPK) cascades play a pivotal role in many aspects of cellular functions, and are evolutionarily 
conserved from yeast to mammals. In mammals, there are four subfamily members in the MAPKs. Each MAPK has its own activators, 
substrates and inactivators. In order to achieve normal cellular functions, the MAPK cascades should transduce signals with high efficiency 
and fidelity. However, the molecular basis for the mechanism underlying the specific reactions in the MAPK cascades has not been fully 
understood. The MAPKs form a globular structure without a distinct domain specific for protein -protein interactions. Recent studies 
revealed two mechanisms regulating the signalling, the docking interaction and the scaffolding. The docking interaction is achieved through 
the common docking domain (the CD domain) on MAPKs, and is different from a transient enzyme- substrate interaction through the active 
centre of the enzymes. Almost all the MAPK-interacting molecules have a conserved motif interacting with the CD domain. The scaffolding 
usually utilizes a third molecule to tether several components of the MAPK cascades. Both of them are thought to regulate the enzymatic 
specificity and efficiency. 
© 2002 Elsevier Science Inc. All rights reserved. 

Keywords: MAP kinase; Phosphorylation; Docking interaction; CD domain; Scaffolding; Specificity 



1. Introduction 

In a living cell, a large number of molecules should fulfil 
their specific mission at an appropriate time and place, 
independently of, or coordinately with, other molecules. 
To avoid undesirable outcomes, each molecule must react 
with appropriate partners. Studying the molecular mecha- 
nism regulating each specific reaction has only begun in 
recent years. A specific reaction may be regulated by a 
specific protein-protein interaction. Many motifs and/or 
domains for protein -protein interaction have been identi- 
fied that can help to regulate each specific reaction [1-3], 

The MAP kinase (MAPK) cascades convey a signal in 
the form of phosphorylation events. MAPKs are phosphory- 
lated by MAP kinase kinases (MAPKKs), phosphorylate 
various targets, such as transcription factors and MAPK- 
activated protein kinases (MAPKAPKs), and are dephos- 
phorylated and inactivated by several MAPK-phosphatases 
(MKPs). There are four subgroups in the MAPK family, 
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ERK, p38, JNK/SAPK and ERK5. ERK is activated mainly 
by mitogenic stimuli, whereas p38 and JNK/SAPK are 
activated mainly by stress stimuli or inflammatory cytokines 
[4-13]. ERK5 is activated by EGF, NGF, osmotic stresses 
and oxidative stresses. Activation of these protein kinases 
leads to variable responses, such as gene expression, cell 
proliferation, differentiation, cell cycle arrest, apoptosis and 
early development, depending on the cell type. Seven 
members of the MAPKK family, 10 members of the 
MAPK-activated protein kinase (MAPKAPK) family and 
10 members of the dual-specificity MAPK-phosphatase 
(MKP) family have been reported to date. Each MAPK 
has several specific MAPKKs, MAPKAPKs and MKPs. 
Such a variety of molecules must transduce signals with 
high efficiency and specificity. Then, fine and elegant 
mechanisms would be required to arrange and maintain 
such complicated systems. The molecular basis for this 
accurate signal transduction has been addressed in recent 
years. There are two main mechanisms regulating the signal 
transduction in the MAP kinase cascades: the docking 
interaction and the scaffolding. The docking interaction is 
achieved through specific conserved regions on MAPKs and 
MAPK-interacting molecules. Scaffolding generally requires 
a third molecule to tether enzymes and substrates. 
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2. Docking sites on MAPK-interacting molecules 

MAPKs form a complex with their cognate MAPKKs, 
substrates and phosphatases [14-47]. The complex forma- 
tion is distinct from a transient enzyme -substrate interac- 
tion through the active centre. For example, a complex 
formation between MEK1 (a MAPKK specific for ERK) 
and ERK is achieved through an N-terminal portion of 
MEK1 outside its catalytic domain [16]. A C-terminal 
portion outside the catalytic domain of RSK (a M APKAPK 
specific for ERK) is required for a complex formation with 
ERK2 [23,28,38]. The ability to form a complex well 
correlates with the enzymatic specificity. For example, 
ERK2 forms a complex with its specific phosphatase, 
MKP-3 (also known as Pystl) [17,18], but not with hVH- 
5, MKP-5 or MKP-7 (MKPs specific for JNK/SAPK and 
p38) [18,29,40]. ERK forms a complex with RSK but not 
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Fig. 1 . The MAPK-docking site is conserved among the MAPK-interacting 
molecules. Note that a cluster of positively charged amino acid residues is 
surrounded by hydrophobic amino acids. The MAPK-docking site in 
transcription factors is often called the D domain. 



= MAPK-docking site 



Fig. 2. The MAPK-docking site locates outside the catalytic domain of 
MAPKKs (upper), MAPKAPKs (middle) and MKPs (lower). The MAPK- 
docking site of PTP also locates outside the catalytic domain (not shown). 



with MAPKAPK-2 (a MAPKAPK specific for p38) 
[23,28,38]. Such a complex formation is called docking 
interaction, which is thought to regulate the enzymatic 
efficiency and specificity in the MAPK pathways. Recent 
studies provided cues to understand the molecular nature of 
the docking interaction. We and others identified a con- 
served MAPK-docking motif in the primary sequences of 
MAPK-interacting molecules [23,25,28,33]. The MAPK- 
docking site is featured by a cluster of positively charged 
amino acids surrounded by hydrophobic amino acids (Fig. 1), 
When the positively charged amino acids are replaced by 
neutral ones, both the ability to bind to the MAPKs and the 
efficiency of the enzymatic reaction are significantly re- 
duced. Hydrophobic amino acids are also important for the 
docking interactions [41,42,45], The N-terminal portion of 
SEK1/MKK4, a MAPKK for JNK, contains the MAPK- 
docking site and serves as a binding site for both the up- 
stream activator, MEKK1, and the downstream target JNK 
[20]. This mechanism may regulate signalling through 
SEK1/MKK4. The N-terminal portion of MEK1 and the 
C-terminal portion of RSK2, both of which include the 
MAPK-docking site, are sufficient for binding to ERK2 
[16,23,28,33]. Thus, the docking site appears to be necessary 
and sufficient for binding to MAPKs. The most important 
feature of the MAPK-docking site is that it locates outside 
the catalytic domain of the MAPK-interacting molecules 
(Fig. 2). Therefore, the docking interactions are different 
from the transient enzyme -substrate interaction through the 
active centre during the catalytic reaction. 



3. Docking sites in MAPK substrates other than 
MAPKAPKs 

Transcription factors regulated by MAPKs, such as Elk-1 , 
Sapl and MEF2, also have a region resembling the MAPK- 
docking site identified in MAPKKs, MKPs and MAPKAPKs 
[21,22,30,36,43] (Fig. 1). The region is often called the D 
domain. The D domain is required for efficient phosphor- 
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ylation by MAPKs. PDE also has a MAPK-docking site and 
is regulated by MAPKs. We have recently identified Tob as a 
novel substrate of MAPKs [48]. Tob is a member of the Tob 
and BTG antiproliferative protein family. Tob has a MAPK- 
docking site in its N-terminal portion and an FXFP motif (see 
below) in its C-terminal portion. Although it is not known 
whether all the MAPK-interacting molecules, identified or 
unidentified, have a MAPK-docking site or the D domain, 
existence of such a region might serve as one of the criteria 
for being a MAPK-interacting molecule. The D domain was 
found to form a modular structure (see Fig. 4B). A basic 
region is followed by an LXL motif and a hydrophobic 
region. While ERK phosphorylation requires all of the three 
modules, p38 can phosphorylate a substrate without the 
second module, the LXL motif [43], 



4. Specificity determinants in the MAPK-docking site 

The docking sites for p38 have more consecutive pos- 
itively charged amino acids than those for ERK (see Fig. 1). 
However, adding or deleting positively charged amino acids 
in the docking sites does not result in conversion of the 
docking specificity of the molecules. An exchange of the 
docking site between ERK-interacting molecules and p38- 
interacting molecules usually failed to convert the specific- 
ity of the molecules, although a successful example was 
reported, where the conversion of the C-terminal portion, 
the MAPK-docking site, of RSK2 to that of MAPKAPK2 
results in the conversion of the specificity [38]. RSK2 is an 
ERK-specific MAPKAPK, and MAPKAPK2 is a p38- 
specific MAPKAPK. A chimeric protein of RSK2 contain- 
ing the MAPK-docking site of MAPKAPK2 can be acti- 
vated by p38, but not by ERK. For most proteins, it is 
difficult to change their binding specificity. It was often 
observed that mutations introduced in the binding surface 
result in either neutral phenotypes or a general loss in the 
binding. This may be interpreted as follows. The high- 
affinity binding may generally require efficient exploitation 
of the multiple potential interactions available on the bind- 
ing partner, in which each amino acid involved in each 
interaction is appropriately enmeshed in the docking surface 
of the binding partners. Then, mutations designed to intro- 
duce new interactions may often result in disruption of the 
binding because they may induce distortion in the appro- 
priate configuration of each amino acids involved. It was 
reported that multiple regions of ERK2 and p38 are impor- 
tant for the determination of enzymatic specificity of 
upstream kinases (MAPKKs) towards MAPKs [46]. 
Recently, it has been shown that the substitution of amino 
acid residues within the T-loop of p38|52 greatly affects the 
activatability by MKK3 [47], confirming the importance of 
the transient enzyme -substrate interaction in determining 
the substrate specificity. Collectively, both the docking 
interaction and the transient enzyme -substrate interaction 
cooperatively regulate the enzymatic specificity in the MAP 



kinase cascade. Detailed mechanisms should be elucidated 
in the future studies. 



5. The CD domain and the docking groove on the MAP 
kinases 

We have identified a docking site on MAPKs that is 
featured by a cluster of negatively charged amino acids in 
the steric structure on the opposite side from the active 
centre of the molecules and is located in the C-terminal 
portion of MAPKs in the primary sequence [33] (Fig. 3). 
When the negatively charged amino acids in this site are 
replaced by neutral ones, the docking interactions are 



B 




Fig. 3. The docking site on MAPK. (A) The docking groove of ERK2. A 
dotted box indicates the docking groove. A yellow circle indicates the CD 
domain. A white circle indicates the ED site. Note that the docking groove 
locates opposite the active centre. The arrow indicates Asp 160 of ERK2. 
This diagram was made using RasMol, based on the crystallographic data. 
(B) The CD domain is conserved in the MAPK family. Amino acid residues 
indicated by red boxes are negatively charged amino acids, which are 
expected to be exposed to the surface of the molecules. 
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disrupted. As this site is commonly used in the docking 
interactions with activators, substrates and inactivators, we 
named it the common docking (CD) domain. As the dock- 
ing interactions of MAPKs with MAPKKs, phosphatases 
and substrates are mutually exclusive, these docking inter- 
actions through the CD domain might regulate the serial 
signal transduction of the MAPK cascade reactions. Be- 
cause the MAPK-docking sites of the MAPK-interacting 
molecules are featured by the positively charged amino 
acids and the CD domain is composed of negatively charged 
amino acids, the electrostatic interaction may be important 
in the docking interactions. The CD domain solely, how- 
ever, does not determine the docking specificity [33]. In 
search of another site on MAPKs that might regulate the 
docking specificity, we identified then a site near the CD 
domain in the steric structure on MAPKs, and called it the 
ED site [39] (Fig. 3A). When both the CD domain and the 
ED site of ERK2 are engineered to mimic those of p38, the 
docking specificity is converted to the p38-type in the case 
of docking to several MAPKAPKs and MKPs. We proposed 
thus a concept of a docking groove, which is composed of 
the CD domain, the ED site and the surrounding amino 
acids. While the CD domain is commonly important for 
every docking interaction, the ED site is differently utilized 
[39] (Fig. 3A). The molecules specific for p38 MAPK have 
more consecutive positively charged arnino acids in their 
MAPK-docking site than those specific for ERK. Corre- 
spondingly, p38 MAPK has more consecutive negatively 
charged amino acids in the docking groove than ERK. 
These are consistent with our docking groove model. 

A recent paper reported crystallographic data of a com- 
plex between p38 MAPK and each peptide of the MAPK- 
docking site of MKK3b, a MAPKK specific for p38 MAPK, 
and that of MEF2A, a transcription factor regulated by p38 
MAPK [51]. As discussed above, the MAPK-docking sites 
consist of charged residues and hydrophobic residues. The 
data showed that hydrophobic residues of these MAPK- 
docking sites interact with a hydrophobic groove of p38 
MAPK. The hydrophobic groove locates near the ED site. 
In their crystallographic data, positively charged residues, 
which are presumed to interact with the CD domain, were 
not visible. As the electrostatic interaction with the CD 
domain occurs in the context of the full-length proteins, it is 
possible that the disorder of the positively charged residues 
of the MAPK-docking peptides might be caused by the 
existence of multiple negatively charged residues in the 
docking groove of p38, such as Glu81 and Asp 125, in 
addition to Asp313, Asp315 and Asp316 in the CD domain, 
available for electrostatic interactions with the positively 
charged residues of the MAPK-docking peptides. 



6. The seven maker mutant in Drosophila 

Asp 319 (in rat ERK2) in the CD domain is mutated to 
Asn in the sevenmaker mutant of Drosophila ERK/Rolled, 



which showed a gain-of-function phenotype [49,50]. The 
phenotype might depend on a balance in the intracellular 
amounts of activators, inactivators and substrates of ERK 
and on the properties of their enzymatic reactions. It has 
recently been reported that a mutation of Asp 160 (in rat 
ERK2) to Asn leads to a phenotype similar to that of the 
sevenmaker mutant [52], suggesting involvement of Asp 
160 in the docking interaction. Asp 160 is located adjacent 
to Thr 158 of the ED (TT) site in the steric structure of 
ERK2 (Fig. 3 A). The corresponding amino acid in p38 is 
Glu 163. It is clear that both Asp 160 of ERK2 and Glu 163 
of p38 are located within the docking groove and expected 
to be exposed to the surface of the molecules [53-57]. 
Therefore, this recent report is consistent with our idea of 
the docking groove. The CD domain is conserved from 
yeast to humans. In yeast, a Hogl mutant, in which a 
residue corresponding to the sevenmaker mutation of Dro- 
sophila was mutated, showed a reduced ability to be 
inactivated by PTP2, a member of the MKP family in yeast 
[31]. 



7. The docking surface on MKPs 

We have identified a docking surface on MKPs corre- 
sponding to the docking groove of MAPKs [45], The 
docking surface of MKPs, which includes the previously 
identified docking site, helps to regulate the docking 
specificity towards MAPKs. A recent paper reported the 
solution structure of the N-terminal domain (rhodanese- 
fold) of MKP-3, in which the docking surface exists [58]. 
Their results with 2D 13 N-edited transverse relaxation- 
optimized spectroscopy (TROSY) showed that the docking 
surface region of MKP-3 constitutes a direct interaction 
surface for binding to ERK2. The docking surface consists 
of three modules, and each of them regulates the docking 
specificity towards the members of the MAPK [45]. The 
region on other MAPK-interacting molecules correspond- 
ing to the docking groove should be elucidated in future 
studies. 



8. Docking interactions regulate subcellular localization 
of the molecules in the MAPK cascades 

The docking interactions may also function to regulate 
subcellular localization of MAPKs and MAPK-interacting 
molecules. For example, the N-terrninal portion of MEK1 is 
the ERK-docking domain, and MEK1 can function as a 
cytoplasmic anchor for ERK2 [16]. PTP-SL has also been 
shown to be a cytoplasmic anchor for ERK [27]. Further- 
more, a form of ERK1, in which the region near the CD 
domain is deleted or spliced out, was found to show differ- 
ent subcellular localization from wild-type ERK, which 
might be caused by the loss of associations with the 
interacting molecules, including MEK1 and PTPs [59,60]. 
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Fig. 4. The FXFP motif. (A) The FXFP motif is identified in the Ets 
transcription factors, KSR, and PDE. The FXFP motif is conserved across 
the species. (B) The schematic representative of the Ets transcription factors 
is shown. S/TP indicates the MAPK-phosphorylation site. The S/TP site is 
sandwiched by the D domain and the FXFP motif. The D domain forms a 
modular structure. 



for efficient phosphorylation by both ERK and p38 [36]. 
The FXFP motif is also identified on KSR and PDE, 
both of which are known to be substrates of MAPKs 
[35,62]. 



10. Prediction of a site on MAPKs corresponding to the 
FXFP motif 

The FXFP site might protrude from the neighbouring 
amino acids, and a site on MAPKs corresponding to the 
FXFP site might form a hydrophobic pocket. The FXFP 
motif is effective even when a MAPK-phosphorylation 
site locates only five amino acids upstream to the motif 
[25,35,36]. This means that the site on MAPKs corre- 
sponding to the FXFP site locates near the active centre 
of MAPKs. In addition, the relative direction and con- 
figuration of the amino acid residues of substrates around 
a phosphorylated serine/threonine to the active centre of 
MAPKs are predicted [53-57]. Based on these assump- 
tions, we predict sites on MAPKs for the FXFP motif 
(Fig, 5). There are three candidates. The identification of 
the site on MAPKs corresponding to the FXFP motif 
may help our understanding of the molecular mecha- 
nism regulating the specific recognition of substrates by 
MAPKs. 




ERK2 



In addition, it was shown that the docking interaction with 
p38 regulates the subcellular localization of MAPKAPK-3, 
a member of MAPKAPKs [39]. The p38-docking site of 
MAPKAPK-3 overlaps the nuclear localization signal. 
Thus, the docking of p38 to MAPKAPK-3 inhibits the 
NLS function. The p38-docking site of MSK2 was also 
shown to function as NLS [61]. 



9. The FXFP motif on transcription factors 

There exists another conserved motif (the FXFP motif) 
on the substrates of MAPKs, mainly on the transcription 
factors, such as Elk-1 and SAP1, that is required for 
efficient phosphorylation by MAPKs [25,35]. The motif 
is featured by two phenylalanines separated by one amino 
acid, and followed by proline (Fig. 4A). The site exists 
in the portion C-terrninal to a MAPK-phosphorylation site 
(Fig. 4B). When either one or both of the phenylalanines 
were replaced by alanines, the efficiency of the phos- 
phorylation was significantly reduced. Importantly, in C. 
elegans, gain-of-function mutants of lin-1, a member of 
Ets family transcription factors negatively regulated by 
MAPKs, were identified, in which the FXFP site was 
mutated. This suggests that the FXFP motif is physio- 
logically important [25]. Although the FXFP motif was 
originally identified as an ERK-specific recognition motif, 
a recent report shows that the motif on SAP1 is required 



Fig. 5. Prediction of a site on ERK2 corresponding to the FXFP motif. 
Hydrophobic amino acid residues are coloured by green, dark green or grey. 
A red asterisk indicates the active centre of ERK2. There are three 
candidates for a region corresponding to the FXFP motif (yellow circles). 
The white arrow indicates the CD domain. This diagram was made using 
RasMol, based on the crystallographic data [55]. 



9/9/3 

DIALOG (R) File 155 : MEDLINE (R) 

(c) format only 2006 Dialog. All rts. reserv. 

15607082 PMID: 16170185 

Raf : a strategic target for therapeutic development against cancer. 

Beeram Muralidhar; Patnaik Amita; Rowinsky Eric K 

University of Texas Health Science Center at San Antonio, San Antonio, 
TX, USA. 

Journal of clinical oncology - official journal of the American Society 
of Clinical Oncology (United States) Sep 20 2005, 23 (27) p6771-90, 
ISSN 0732-183X--Print Journal Code: 8309333 

Publishing Model Print 

Document type: Journal Article; Review 

Languages : ENGLISH 

Main Citation Owner: NLM 

Record type: MEDLINE; Completed 

Subfile: INDEX MEDICUS 

The mitogen-activated protein kinase ( MAPK ) signaling pathway plays 
a critical role in transmitting proliferative signals generated by cell 
surface receptors and cytoplasmic signaling elements to the nucleus. 
Several important signaling elements of the MAPK pathway, particularly Ras 

and Raf , are encoded by oncogenes, and as such, their structures and 
functions can be modified, rendering them constitutively active. Because 
the MAPK pathway is dysregulated in a notable proportion of human 
malignancies, many of its aberrant and critical components represent 
strategic targets for therapeutic development against cancer. Raf , which 
is an essential serine/threonine kinase constituent of the MAPK 

pathway and a downstream effector of the central signal transduction 
mediator Ras , is activated in a wide range of human malignancies by 
aberrant signaling upstream of the protein (eg, growth factor receptors and 
mutant Ras ) and activating mutations of the protein itself, both of which 
confer a proliferative advantage. Three isoforms of Raf have been 
identified, and therapeutics targeting Raf , including small-molecule 
inhibitors and antisense oligodeoxyribonucleotides (ASON) , are undergoing 
clinical evaluation. The outcomes of these investigations may have 
far-reaching implications in the management of many types of human cancer. 
This review outlines the structure and diverse functions of Raf , the 
rationale for targeting Raf as a therapeutic strategy against cancer, and 
the present status of various therapeutic approaches including ASONs and 
small molecules, particularly sorafenib (BAY 43-9006). (236 Refs.) 

Descriptors: * Antineoplastic Agents — administration and dosage — AD; *Drug 
Delivery Systems; *MAP Kinase Signaling System — physiology — PH; ^Neoplasms 
— drug therapy — DT; ^Neoplasms — genetics--GE; * raf Kinases — metabolism 
— ME; Animals; Benzenesulf onates — administration and dosage — AD; 
Comparative Study; Down-Regulation; Humans; MAP Kinase Kinase 1 — genetics 
--GE; MAP Kinase Kinase 1 — metabolism--ME; Molecular Biology; Mutation; 
Neoplasms- -physiopathology — PP; Proto-Oncogene Proteins — genetics — GE; 

Proto-Oncogene Proteins--metabolism--ME; Proto-Oncogene Proteins A- raf 
— genetics--GE; Proto-Oncogene Proteins A- raf — metabolism — ME; 
Proto-Oncogene Proteins B- raf — genetics — GE; Proto-Oncogene Proteins B- 

raf --metabolism — ME; Proto-Oncogene Proteins c- raf — genetics--GE; 

Proto-Oncogene Proteins c- raf — metabolism — ME; Pyridines--administration 
and dosage--AD; Research Support, Non-U. S. Gov't; Sensitivity and 
Specificity; Signal Transduction; raf Kinases--genetics--GE 

CAS Registry No.: 0 ( 4 - ( 4- ( 3- ( 4-chloro-3-trif luoromethylphenyl ) ureido) ph 
enoxy) pyridine-2-carboxyllic acid methyamide-4-methylbenzenesulf onate ) ; 0 

(Antineoplastic Agents) ; 0 (Benzenesulf onates ) ; 0 (MAP Kinase Signaling 
System); 0 (Proto-Oncogene Proteins); 0 (Pyridines) 

Enzyme No.: EC 2.7.1.- (MAP Kinase Kinase 1); EC 2.7.1.37 



460 



T. Tanoue, E. Nishida / Cellular Signalling 15 (2003) 455-462 



11. Difference between the interaction achieved through 
the CD domain and that through the FXFP motif 

The interaction achieved through the FXFP motif is also 
called docking interaction. However, it is clear that the FXFP 
motif is different from the MAPK-docking site correspond- 
ing to the docking groove. The former exists always down- 
stream to the phosphorylation site in the primary sequence, 
but the latter exists on either side. While the docking site 
exists in MAPKKs, MKPs, MAPKAPKs and several other 
substrates, the FXFP motif is reported only for substrates 
other than MAPKAPKs, such as Elk-1 and Sap-1. Elk-1, 
Sap-1 and MEF2 transcription factors have another site (the 
D domain) (see Fig. 4) that resembles the docking site 
corresponding to the CD domain [21,22,30,36,43]. The D 
domain is also needed for efficient phosphorylation by 
MAPKs. Whether the D domain also interacts with the CD 
domain should be determined. 



12. The LXLXXXF motif 

A recent study reported that another hydrophobic motif 
(LXLXXXF) serves as a MAPK-docking site [44]. The Ets 
family has 25 members in human, and commonly shares a 
DNA-binding ETS domain [63], A subset of the family has 
the pointed (PNT) domain, which serves as a repressor or an 
enhancer of transcription. The PNT domain shows a similar 
fold, but divergent surface chemistry. The LXLXXF motif 
resides in a subset of the PNT domain, which serves as a 
MAPK-docking site, and explains the diversity of the 
functions of the domain. The LXLXXXF motif of PNT 
domain of Ets- 1 and Ets-2 forms a hydrophobic patch on the 
molecules. A site on ERK corresponding to the LXLXXXF 
motif is also predicted to be a hydrophobic patch [44], 



13. Scaffold proteins 

In budding yeast, Ste5p is known to function as a 
scaffold protein, which regulates the specificity of two 
different signalling pathways; the mating pathway and the 
invasive growth pathway [64,65]. Ste5p is required for the 
former. Mating is mediated by a G-protein-coupled receptor. 
The MAPK cascade for mating consists of Ste20p 
(MAPKKKK), Stellp (MAPKKK), Ste7p (MAPKK) and 
Fus3p (MAPK). Except for Fus3p MAPK, the components 
are also utilized in the invasive growth pathway, which 
activates Ksslp MAPK. Ste5p associates with all the 
components of the mating MAPK cascade including G 
protein to prevent inappropriate activation of Ksslp MAPK 
under stress stimuli. To date, no mammalian protein homol- 
ogous to Ste5p was identified. 

In mammals, the JNK-interacting protein (JIP) family is a 
well-known scaffold protein [12,66-71]. The JIP family 
consists of three members, JIP1, 2 and 3. JIP1 and JIP2 are 



~ 50% identical, have a similar domain structure and form 
homodimeric and heterodimeric complexes. JIP3 has no 
homology with JIP1 or 2. The JIP proteins bind to JNK, 
MKK7 and members of the mixed-lineage protein kinase 
(MLK) group (Fig. 6B). In biochemical assays and co- 
transfection assays, the JIP proteins have been suggested to 
be scaffold proteins [12,66-71]. Recently, Whitmarsh et al. 
[71] created mice carrying a targeted deletion of the JIP1 
gene, and showed that JIP1 is required for stress-induced 
activation of JNK in hippocampal neurons. Sunday Driver 
(Syd), a drosophila homologue of JIP3 protein, was recently 
identified [72]. Syd associates with kinesin-1, Drosophila 
kinesin light chain, and mutations in Syd and kinesin-1 
cause similar phenotypes such as aberrant accumulation of 
axonal cargoes. In C. elegans, UNC-16 encodes a homo- 
logue of JIP3 and Syd [73]. Partial ioss-of-function muta- 
tions in UNC-16 result in mislocalization of synaptic vesicle 
and glutamate receptor. UNC-16 binds to JNK 1, JKK-1 and 
SEK1. Mutations in JNK-1 or JKK1 also result in synaptic 
vesicle mislocalization. Mammalian JIP 1 , 2 and 3 were also 
found to interact with the kinesin light chain [74], These 
reports raise the possibility that JIP is a substrate of JNK. 
How the JNK pathway participates in synaptic vesicle 
trafficking is currently unknown. Additionally, JIP1 and 2 
have been reported to associate with RhoGEF and ApoER2, 
a receptor for Reelin, although the physiological meaning of 
these interactions has not been determined [75,76]. 

P-arrestin has recently been shown to be a scaffold for 
the JNK pathway [77]. When G-protein-coupled receptors 

A B 




Fig. 6. In the MAPK cascades, two kinds of mechanisms for the recognition 
of the molecule are used. The docking interaction is achieved through the 
docking groove including the CD domain. There are two kinds of 
scaffolding. In B, a third molecule is required. In C, an enzyme serves as a 
scaffold for assembling the other enzymes. 
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(GPCRs) bind to ligand, they are phosphorylated by GPCR 
kinases. The phosphorylated GPCRs recruit f}-arrestin2, 
which serves as a scaffold to assemble the components of 
the JNK pathway [77]. 3-arrestin2, not p-arrestinl, binds to 
JNK3 and ASK1, a member of MAPKKK, and indirectly 
binds to SEK1/MKK4. Importantly, p-arrestin2 enhances 
the activation of JNK3 by ASK1 in a co-expression assay. 
Thus, p-arrestin serves as a scaffold protein for the JNK 
pathway regulated by seven transmembrane-spanning recep- 
tors, p-arrestins were first discovered as molecules for 
desensitization of GPCRs, and were also known to act as 
adaptors to facilitate clathrin-mediated endocytosis of cer- 
tain members of the GPCR family [78]. Thus, like the JIP 
family, p-arrestin2 might also have multiple functions. 

KSR is also known to associate with several components 
of the MAPK cascade, including Raf-1, MEK1/2 and 
ERK1/2 [79]. KSR was originally identified as a gene 
responsible for suppressing the phenotype of the gain-of- 
function mutant of Ras [80]. As KSR has a kinase-like 
domain (the C5 domain), which is very similar to the kinase 
domain of Raf- 1 MAPKKK, it was originally thought of as 
a member of the MAPKKK family. However, the mamma- 
lian homologues have an arginine residue instead of a 
conserved lysine residue in kinase subdomain II that is 
thought to be critical for phosphotransferring reaction. 
Recent studies indicate that it functions as a scaffold protein 
for the Ras pathway rather than a kinase [79,81,82]. A 
dsRNA interference technique showed that KSR was nec- 
essary for the Ras-dependent ERK activation in cells [82]. 
The precise mechanism for functioning as a scaffold protein 
should be elucidated. 

MP-1 was identified in a yeast two-hybrid screen with 
MEK1 [83]. MP-1 was reported to associate with both 
MEK1 and ERK1, and was suggested to be a scaffold 
protein. It was found to bind selectively to ERK1, not to 
ERK2. 

In mammals, the specificity of the enzymatic reaction 
between MAPKKs and MAPKs is stringently determined 
even in vitro, except for SEK1/MKK4. For example, 
MKK6, a p38-specific MAPKK, is unable to activate 
ERK or JNK in vitro, even when excess amounts of proteins 
are used. The efficient kinase reaction in vitro or in a co- 
expression system does not necessarily require a third 
molecule. Thus, scaffold proteins are not always required 
for the reactions in the MAPK cascades. Scaffold proteins 
are necessary for several specific cellular functions, as is the 
case with p-arrestin2. 



14. Scaffolding without a third molecule 

The strategy utilized by the osmotic stress pathway in 
yeast does not require a third molecule as a scaffold protein. 
In yeast, the mating and osmotic stress pathways share a 
common MAPKKK, Stellp [64]. Stellp can activate both 
Ste7p and Pbs2p, members of MAPKK. In the osmotic 



stress pathway, Pbs2p activates Hoglp MAPK, a relative of 
mammalian p38. Sholp, a transmembrane osmotic sensor, 
activates Stellp. Pbs2p has a large N-terminal stretch out- 
side its kinase domain, through which components of the 
osmotic stress pathway, Sholp, Stellp and Hoglp, asso- 
ciate with Pbs2p (see Fig. 6C). Thus, Pbs2p prevents Stel lp 
from activating Ste7p when osmotic stress is sensed by 
Sholp [64]. In mammals, MEKK1, a member of 
MAPKKK, binds to JNK and ERK2 through its N-terminal 
portion [84,85]. SEK1/MKK4, a member of MAPKK spe- 
cific for JNK/SAPK, binds to MEKK1 through the kinase 
domain of MEKK1. MEK1, an ERK-specific MAPKK, also 
binds to the N-terminal portion of MEKK1. Physiological 
roles of these interactions should be elucidated in future 
studies. 



15. Concluding remarks 

The MAPK cascade has been intensively studied by a 
number of investigators over a decade, and these studies 
provided us with several models that help us to understand 
other signal transduction systems. However, mechanisms 
regulating the efficiency and fidelity of the MAPK signal- 
ling cascades have not been fully understood. A recent 
discovery of two important concepts, the docking interac- 
tion and the scaffolding, provided cues to understanding the 
mechanisms (see Fig. 6). In both systems, many questions 
are yet to be solved. 
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Abstract 

The MAP Kinase pathway is a key signalling mechanism that regulates many cellular functions such as cell growth, transformation and 
apoptosis. One of the essential components of this pathway is the serine/threonine kinase, Raf. Raf (MAPKK kinase, MAPKKK) relays the 
extracellular signal from the receptor/Ras complex to a cascade of cytosolic kinases by phosphorylating and activating MAPK/ERK kinase 
(MEK; MAPK kinase, MAPKK) that phosphorylates and activates extracellular signal regulated kinase (ERK; mitogen-activated protein 
kinase, MAPK), which phosphorylates various cytoplasmic and nuclear proteins. Regulation of both Ras and Raf is crucial in the proper 
maintenance of cell growth as oncogenic mutations in these genes lead to high transforming activity. Ras is mutated in 30% of all human 
cancers and B-Raf is mutated in 60% of malignant melanomas. The mechanisms that regulate the small GTPase Ras as well as the 
downstream kinases MEK and extracellular signal regulated kinase (ERK) are well understood. However, the regulation of Raf is complex 
and involves the integration of other signalling pathways as well as intramolecular interactions, phosphorylation, dephosphorylation and 
protein -protein interactions. From studies using mammalian isoforms of Raf, as well as C. elegans Iin45-Raf, common patterns and unique 
differences of regulation have emerged. This review will summarize recent findings on the regulation of Raf kinase. 
© 2002 Elsevier Science Inc. All rights reserved. 

Keywords: MAPK signalling; Ras; Phosphorylation; Scaffolding proteins 



1. Introduction 

Raf was originally identified as a retroviral oncogene (v- 
Raf) possessing serine/threonine kinase activity [1 ,2]. v-Raf- 
related genes were soon identified in humans and now 
comprise a family of three isoforms, A-Raf, B-Raf and C- 
Raf (Fig. 1). All Raf kinases are composed of three con- 
served regions, CR1, CR2 and CR3 [3]. The initial process 
of Raf activation involves the interaction of active GTP- 
bound Ras with the Ras binding domain (RBD) and cysteine 



Abbreviations: CNK, connector enhancer of KSR; CRD, cysteine rich 
domain; ERK, extracellular signal regulated kinase; JAK, Janus activated 
kinase; KSR, kinase suppressor of Ras; MAGU1N, membrane-associated 
guanylatc kinase- interacting protein; MAPK, mitogen activated protein 
kinase; MAPKK, MAPK kinase; MAPKKK, MAPKK kinase; MEK, 
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inhibitor protein; SGK, serum and glucocorticoid activated kinase. 
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rich domain (CRD) of CR1, and subsequent recruitment of 
Raf to the membrane for further activation [3-5]. The role of 
the serine/threonine-rich CR2 is less defined; however, 
phosphorylation of CR2 and various protein -protein inter- 
actions via CR2 appear to affect the localization and activa- 
tion of Raf [6-10]. Deletions of the N-terminal regulatory 
domains (CR1 and CR2) similar to v-Raf are found in several 
activated forms of Raf genes detected in certain neoplastic 
human cells, which suggests that these domains negatively 
regulate Raf [1 1-14]. CR3 is the catalytic kinase domain of 
Raf and is also subject to regulation by phosphorylation. 
Hence, the regulation of Raf kinases is a complex process 
involving inter- and intramolecular interactions as well as 
phosphorylation of the regulatory and catalytic domains of 
the protein [3,9,10,15-17]. 

Studies with Raf knockout mice have revealed both 
overlapping and unique functions for Raf isoforms [18- 
23]. For example, in C-Raf knockout mice, B-Raf can 
compensate for C-Raf in the activation of MAPK/ERK 
kinase (MEK). However, these mice are more susceptible 
to apoptotic stimuli despite the presence of A- and B-Raf 
[20]. Biochemical differences also exist between Raf iso- 
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Fig. I. The conserved structure of the Raf kinase family. The three conserved regions of Raf kinases are conserved across isoforms and species. CR1 has two 
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forms. A-Raf is a much weaker activator of MEK compared 
to B- and C-Raf. Furthermore, A-Raf can only activate 
MEK1 where C-Raf is able to activate both MEK1 and 
MEK2 [24-26]. Although highly conserved at the primary 
sequences, Raf isoforms have similar and distinct biochem- 
ical and functional properties. 



Raf isoforms also vary in their cell-specific expression 
and subcellular localization. For example, B-Raf (present as 
alternatively spliced isoforms) and C-Raf (expressed in 
many tissues) are expressed in the brain, while A-Raf is 
not [27]. A- and C-Raf are highly expressed in muscle, 
whereas B-Raf is detectable only at very low levels. In 
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pathway through their effects on Raf kinase activity. 
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addition, Raf kinases are also localized to different sub- 
cellular compartments. Both A- and C-Raf have stable or 
transient localization to the mitochondria, which has impli- 
cated Raf in the regulation of apoptosis [28-3 1]. B- and C- 
Raf are both expressed in neurons; however, B-Raf is 
localized to neurite processes and C-Raf is perinuclear 
[27], This localization may be due to isoform-specific lipid 
or protein-binding partners, which recruit Raf to distinct 
membrane rafts. 

All Raf kinases are activated by the Ras small GTPase, 
regulatory phosphorylation events and scaffolding proteins 
(Fig. 2). The combination of all these events leads to the 
proper activation of Raf. Hence, the complexity of Raf 
activation lies in the fact that different Raf isoforms com- 
bine common and unique mechanisms to regulate Raf 
kinase activity. 



2. Activation by small GTPases 

Recruitment of Raf to the plasma membrane by the small 
GTPase Ras is the initial event in the Raf activation process. 
The effector domain of GTP-bound Ras binds to Raf 
through two domains in CR1, the Ras-binding domain 
(RBD) and the cysteine-rich domain (CRD) [3-5]. Binding 
to both sites is necessary for Raf activation. Although all 
Ras isoforms bind Raf with comparable affinity, different 
Ras isoforms activate Raf kinases to varying degrees. For 
example, K-Ras is a more potent activator of C-Raf than is 
H-Ras [32], In addition, Raf activation by Ras is also 
affected by the subcellular localization of the various Ras 
isoforms through their prenylation signals, which function 
to target them to membranes of specific lipid content [33- 
35]. It has been recently shown that the prenylation signal 
on H- and N-Ras can localize these molecules to the ER and 
Golgi membrane, respectively [34]. Localization of Ras to 
these organelle membranes was shown to affect mitogen 
activated protein kinase (MAPK) signalling with kinetics 
different from signalling from the plasma membrane [34]. 

The small GTPase Rap has an identical effector domain 
to that of Ras, but whose activation results in different 
downstream functions [36]. Notably, Rap activates B-Raf 
but inhibits C-Raf activation. Rap binds the CRD of C-Raf 
with higher affinity than Ras [37] and excludes Ras from 
binding. Replacement of the CRD in C-Raf with the CRD 
from B-Raf results in the loss of Rap inhibition of C-Raf. 
Similarly, replacement of the CRD in B-Raf with the CRD 
from C-Raf results in the inhibition of B-Raf by Rap. The 
mechanism of Rap inhibition of C-Raf further suggests that 
small GTPase binding alone is insufficient for C-Raf acti- 
vation. 

The Rho family of small GTPases has been implicated in 
C-Raf activation. The Rho family, which consists of Rho, 
Rac and Cdc42, regulates cytoskeletal structures such as 
stress fibres, lamellipodia and filopodia, respectively. How- 
ever, these GTPases do not directly bind Raf but signal via 



activation of downstream kinases. For example, Rho can 
signal through the activation of PKN1, PRK2 and ROCK1, 
where Rac and Cdc42 can signal through p21 activated 
kinase (PAK). Studies of C-Raf activation have led to the 
identification of a site phosphorylated by PAK (S338) that is 
critical to C-Raf activity [38-41]. Consistent with the role 
of PAK, the upstream activators Rac and Cdc42 cooperate 
with Ras to activate C-Raf [42]. One study showed that by 
using activated Ras mutants with an additional mutation that 
impairs C-Raf activation, but not Raf binding, activated Rac 
and Cdc42 were able to rescue C-Raf activation. However, 
activated Rac and Cdc42 alone could not induce C-Raf 
activity, and membrane localization of C-Raf was still 
required for activation. A dominant negative Rac mutant 
was able to abrogate Ras induction of C-Raf activity, which 
suggests that endogenous Rac is required for C-Raf activa- 
tion. Similar observations were made with activated Rho; 
however, the kinase-activated downstream of Rho is 
unknown. Hence, it appears that the members of the Rho 
family of small GTPases are critical mediators which con- 
tribute indirectly to Ras-induced activation of Raf. 



3. Phosphorylation 

Phosphorylation is an important mechanism by which 
Raf activity is regulated. Most studies on Raf regulation 
have focused on C-Raf, but studies involving B-Raf, C-Raf 
and the C. elegans Iin45-Raf have revealed that there is a 
conserved mechanism of regulation involving activation and 
inhibition by phosphorylation and dephosphorylation. 
Although the Raf kinases are structurally conserved 
between isoforms and species, there exist unique differences 
at key individual phosphorylation sites. Such differences 
explain how B- and C-Raf are both activated by Ras but can 
be regulated differently. 

Ras activation induces phosphorylation of Raf at numer- 
ous residues; however, a number of residues are also 
phosphorylated in the basal, unstimulated state. These 
residues include S259 and S621 which were originally 
identified in C-Raf [7]. Phosphorylation of S259 and S621 
creates two 14-3-3 binding sites which presumably help 
keep C-Raf in an auto-inhibited state. Phosphorylation at 
S621 may have more complex implications since mutation 
of this residue leads to complete inactivation of the kinase. 
Hence, a balance of phosphorylation and dephosphorylation 
is required to prime Raf properly in the basal state prior to 
stimulation by Ras or mitogens, 

C-Raf has four activating phosphorylation sites that are 
Ras-inducible: S338, Y341, T491 and S494. S338 is the 
PAK phosphorylation site which lies just N-terrninal to the 
kinase domain and is critical for Raf activation [15,38-43]. 
This site is conserved in the mammalian Rafs, as well as in 
Drosophila D-Raf. Interestingly, the homologous site in B- 
Raf, S445, is constitutively phosphorylated and may 
account for the high basal activity of B-Raf compared to 
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C-Raf [41], C. elegans Iin45-Raf has an aspartic acid 
residue substituted at this position which may mimic the 
effect of phosphorylation. Mutation of S338 in C-Raf results 
in a reduction of Raf activation induced by EGF, activated 
Ras, phorbol esters and the muscarinic G-protein coupled 
receptor pathway. Ras-induced phosphorylation of this site 
presumably occurs through Ras activation of PI3 kinase, 
whose lipid byproducts indirectly activate Rac exchange 
factors. Activated mutants of Rac and Cdc42 were also able 
to induce phosphorylation at S338, through activation of 
PAK. 

Another C-Raf phosphorylation site is Y341 [24,41 ,44- 
47], which also lies just N-terminal to the kinase domain. 
Y341 is phosphorylated by Src and Janus activated kinase 
(JAK) [44,48,49]. In B-Raf, this tyrosine is replaced by an 
aspartic acid residue which can explain why B-Raf can be 
fully induced by Ras alone, but A- and C-Raf also require 
Src for full activation. A mutation in C-Raf that no longer 
binds Ras and therefore cannot be recruited to the mem- 
brane is also compromised in activation by Src [41,46]. Raf 
activation can be rescued if the mutant is artificially targeted 
to the plasma membrane where it can be activated by Src 
alone. However, Ras-mediated membrane recruitment and 
Src activation are not the only steps in C-Raf activation. 

Two phosphorylation sites, T491 and S494, have been 
identified in the activation loop of the kinase domain of 
C-Raf [15]. These sites were first identified in B-Raf 
(T598 and S601), where mutation to alanine residues 
resulted in a loss of B-Raf activity induced by EGF and 
activated Ras, as well as by phorbol esters and muscarinic G- 
protein-coupled receptors [9], Mutation of these sites in B- 
Raf to phosphomimetic residues resulted in constitutive 
activity independent of activated Ras. Recently, V599 in 
B-Raf was found to be frequently mutated to glutamic acid in 
human malignant melanomas and to a lower frequency in 
other cancers [50], This tumour-associated mutation creates 
a negative charge next to the T598 phosphorylation site in 
the activation loop and is sufficient to activate B-Raf activity. 
The activation loop phosphorylation sites are also conserved 
across species. Acidic residue substitutions at homologous 
sites in Iin45-Raf result in a multi-vulval phenotype indica- 
tive of an activated MAPK pathway [15]. The same acidic 
residue substitutions in C-Raf result in higher basal activity; 
however, Raf activity can be further enhanced by Ras 
through phosphorylation of S338 and Y341. T491 and 
S494 are phosphorylated in a Ras-dependent manner; how- 
ever, the kinase that phosphorylates these residues has not 
been identified. Substitution of all four activating phosphor- 
ylation sites, S338, Y341, T491 and S494, to acidic residues 
results in full C-Raf kinase activity. 

Phorbol esters, which activate protein kinase C (PKC), 
can activate Raf kinase activity. S499, which lies in the 
activation loop of C-Raf, was originally identified as a site 
phosphorylated by PKC [51]. However, several studies have 
found that mutation of S499 to alanine has no effect on 
PKC-stimulated Raf activity or Raf activity induced by 



activated Ras or EGF [15,52]. Hence, the role of phosphor- 
ylation of S499 as well as the mechanism of PKC-stimu- 
lated Raf activity still remains to be elucidated. A similar 
observation has occurred for S43 (located in the RBD) which 
was one of the first C-Raf phosphorylation sites identified [7]. 
S43 in C-Raf was thought to be directly phosphorylated by 
protein kinase A (PKA) and mediate PKA-induced inhibition 
[53]. However, it was shown that mutation of this site had no 
effect on PKA-induced C-Raf inhibition [54], In B-Raf, this 
site is not conserved but B-Raf is still inhibited by forskolin- 
induced PKA [54,55]. Adding to the complexity of PKA- 
regulated Raf activity is the fact that PKA also stimulates 
Rap, which activates B-Raf [56]. The effect of PKA on C-Raf 
has been found to vary depending on cell type and serum 
conditions, which has led to confusion about the role of PKA 
and S43 in C-Raf regulation. This was clarified by the 
observation that during serum starvation, phosphorylation 
at S43 inhibits Ras binding to the RBD, and therefore 
inhibits C-Raf activation [57]. However, in the presence of 
mitogenic factors, C-Raf phosphorylated on S43 is able to 
bind Ras and thus this site plays no role in regulating C- 
Raf activity. The same study also showed that PKA can 
phosphorylate S43 as well as S259. 

Inhibition by phosphorylation is a conserved mechanism 
of Raf regulation. In addition to S43, C-Raf contains an 
inhibitory phosphorylation site at S259. The current model 
suggests that phosphorylation of S259 along with phosphor- 
ylation of S621 creates an auto-inhibited conformation state 
that is maintained by a 14-3-3 dimer, thus bridging the N- 
and C-terminal domains together [3]. Akt was identified as 
the kinase that phosphorylates S259 and thus inhibits Raf 
activity [6,10,58]. Mutation of this site to alanine increases 
the basal activity of C-Raf. S259 is also conserved among 
the Raf isoforms as well as in C. elegans and Drosophila 
Raf kinases. However, in addition to the conserved S259 
residue, B-Raf contains two additional Akt sites, S428 and 
T439. Unlike C-Raf, mutation of C-Raf S259 site in B-Raf 
(S3 64) to alanine results in a minor increase in basal activity 
[6,15]. Only when all three sites are mutated to alanine does 
the activity increase to a level comparable to Ras-stimulated 
activity. Similarly, single mutation of either of the two 
putative Akt sites to alanine in C. elegans lin-45 Raf has no 
phenotypic effect; however, mutation of both sites results in a 
mutli-vulval phenotype [15]. S364 in B-Raf has also been 
identified as a serum and glucocorticoid-inducible kinase 
(SGK) phosphorylation site [59]. SGK has some homology to 
Akt but, unlike Akt, preferentially targets S364 on B-Raf. 
Whether or not SGK regulation is unique to B-Raf or 
common to all Raf isoforms remains to be examined. 

The serine/threonine phosphatases PP1 and PP2A have 
been shown to promote C-Raf activation [60-62]. The 
positive role of these phosphatases in the regulation of Raf 
activity was demonstrated initially in C. elegans [61]. A 
genetic screen identified Sur6, a subunit of PP2A, as an 
activator of the MAPK pathway. It was observed that the 
multi-vulval phenotype induced by activated Ras was 



H. Chong et al. / Cellular Signalling 15 (2003) 463-469 



467 



reduced by a mutation in Sur6, which suggests that Sur6 
plays a positive role in signalling. These data also propose 
that the phosphatase acts downstream of Ras in the path- 
way. A study by Jaumot and Hancock [62] found that the 
critical target of PP1 and PP2A is S259. Mutation of S259 
to alanine resulted in high basal activity. General and 
specific inhibitors of the PP1 and PP2A phosphatases 
abrogated Ras-stimulated C-Raf activity. Furthermore, 
inhibition of PP1 and PP2A resulted in a shift in C-Raf 
membrane microdomain localization and also in the 
increase of 14-3-3/C-Raf complexes at the plasma mem- 
brane. These complexes were not able to be activated even 
though they were localized to the plasma membrane. These 
data further support that membrane recruitment alone is 
insufficient for Raf activation and that PP1 and PP2A 
regulate microdomain localization of Raf which is impor- 
tant for Raf activity [62]. 



4. Scaffolding proteins 

Genetic screens in Drosophila and C. elegans have 
revealed several novel genes that are important modulators 
of the Ras/MAPK pathway. One of these genes, called 
kinase suppressor of Ras (KSR), functions as a positive 
regulator and is proposed to act downstream of or in 
parallel to Ras [63-65]. KSR contains a C-terminal kinase 
domain with some homology to the Raf kinase family. 
However, the KSR kinase domain contains an arginine 
residue in place of a conserved catalytic lysine residue. 
Nevertheless, an initial report concluded that KSR does in 
fact possess kinase activity, is activated by ceramide and 
results in the direct phosphorylation of T269 of C-Raf to 
enhance activity [66]. Further observations showed that 
EGF can stimulate KSR activity (via an unknown mecha- 
nism) and that KSR mediates optimal Raf activation 
through phosphorylation of T269 [67,68]. However, several 
groups have been unable to detect any catalytic function for 
KSR and have proposed that KSR functions as a scaffold- 
ing protein based on its ability to interact with Raf, MEK, 
ERK, 14-3-3 and various heat shock proteins [69-72]. 
Expression of KSR in mammalian cells is able to redis- 
tribute MEK from the soluble fraction into a high molecular 
weight membrane-associated complex, suggestive of a 
function as a scaffolding protein [71]. A recent report 
suggests that KSR functions as a scaffold to facilitate the 
phosphorylation of MEK by Raf [73], 

Observations made in C. elegans suggested that KSR 
kinase activity is not necessary for KSR function [71]. 
Predicted kinase-dead mutants of KSR were able to comple- 
ment a KSR loss-of-function allele. However, recent anal- 
ysis of the C. elegans genome has uncovered a second KSR 
gene, ksr-2 [74]. It was observed that only double mutants 
of ksr-1 and ksr-2 had strong defects in vulval development. 
This suggested that ksr-1 and ksr-2 are functionally redun- 
dant; however, both are essential for MAPK signalling in C. 



elegans. Ablation of the KSR gene in mouse resulted in a 
phenotypically normal animal in contrast to observations 
made in C. elegans [75]. However, the mouse did exhibit 
attenuated ERK activity and loss of the previously described 
high molecular weight scaffolding complex. In Drosophila 
S2 cells, reduction of KSR protein levels using RNAi 
impaired insulin-stimulated Raf activation [76]. Together, 
these studies suggest that although KSR may not be an 
essential component of MAPK signalling in mammals, it is 
required for enhanced MAPK signalling, hence supporting 
its role as a modulator. 

Another product isolated from genetic screens is Sur8/ 
Soc-2 [77,78]. Epistatic experiments have predicted Sur-8 to 
function downstream of Ras and upstream of Raf. Analysis 
of the Sur-8 sequence revealed multiple leucine-rich repeats 
which suggest its involvement in protein -protein interac- 
tions. Human Sur-8 is able to enhance Ras and EGF- 
stimulated Raf activity, but has no effect on Raf- or MEK- 
induced ERK activity [79]. Sur-8 is able to form a ternary 
complex with Ras and Raf, which suggests that its function 
is to facilitate activation by bringing these molecules into 
close proximity. 

A third protein identified through genetic screens is 
connector e/jhancer of A:SR (CNK). Like KSR and Sur-8, 
epistatic studies in Drosophila place CNK downstream of 
Ras and parallel or upstream of Raf [80]. Using double- 
stranded RNA to knockdown expression, Anselmo et al. 
[76] showed that CNK and KSR in Drosophila S2 ceils are 
required for Raf activation and that CNK specifically 
enhances the membrane recruitment of Raf. CNK has no 
apparent catalytic domain, but has multiple protein-protein 
interaction domains and localizes to cell-cell contact 
regions. CNK may be able to associate with other Ras- 
mediated, MAPK-independent pathways such as the 
RalGDS pathway [81]. The role of the mammalian CNK 
homologue, membrane-associated guanylate kinase-inter- 
acting protein (MAGUIN)-l, in Raf activation is still 
elusive [82]. 

The scaffolding proteins mentioned above enhance 
MAPK signalling. Raf kinase inhibitor protein (RKIP) is a 
scaffolding protein that inhibits the MAPK pathway [83]. 
Raf kinase inhibitor protein (RKIP) can bind Raf, MEK and 
ERK; however, the binding of Raf and MEK to RKIP is 
mutually exclusive [84]. The Raf and MEK binding sites on 
RKIP overlap and exclude each other from binding by steric 
interference. Suppression of endogenous RKIP expression 
was found to induce MEK/ERK activity. RKIP functions by 
inhibiting the formation of Raf and MEK in the same 
signalling module regardless of the activation state of Raf. 
Whether RKIP is specific to C-Raf or whether other iso- 
forms have their own RKIP-like scaffolding inhibitor is 
unknown. 

An even more potent inhibitor of the MAP kinase path- 
way is the Sprouty-related protein, Spred [85]. Sprouty was 
first identified in a genetic screen in Drosophila and was 
found to be a general inhibitor of receptor tyrosine kinases 
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[86,87]. Subsequently, Sprouty was shown to inhibit the 
formation of functional signalling complexes with the 
receptor and upstream of Ras [88]. Unlike Sprouty, Spred 
inhibits the MAP kinase pathway downstream of Ras and is 
able to associate with Raf. Although Spred binds Ras, Spred 
does not affect the activation of Ras or the recruitment of 
Raf to the membrane. However, it does inhibit Raf phos- 
phorylation and activation by as yet undetermined mecha- 
nism [85]. The presence of enhancing and inhibitory 
scaffolding proteins adds another dimension to the diversity 
of Raf regulation. 



5. Concluding remarks 

The activation of Raf involves a complex series of 
events that include membrane recruitment, phosphoryla- 
tion and dephosphorylation and the disruption and for- 
mation of various protein -protein interactions. Recent 
work has elucidated several new phosphorylation sites 
that are critical to the activation of Raf and also the 
signalling pathways that influence the phosphorylation 
state of Raf. In addition, genetic experiments in Droso- 
phila and C, elegans have uncovered numerous Raf-bind- 
ing proteins that scaffold the Raf complex and modulate 
its activation, which has added to the sheer complexity of 
the activation process. What has also become clear in 
recent years is that Raf isoforms share both common and 
unique mechanisms by which they are regulated. Since 
Raf isoforms have been shown to be expressed in differ- 
ent tissues and within various subcellular compartments, 
this suggests that it is not necessarily accurate to apply 
canonical mechanisms of Raf activation and function to 
each isoform. The complexity and diversity of Raf regu- 
lation continue to grow due to concerted efforts in the 
fields of genetics, biochemistry and cell biology. Future 
work in this area will undoubtedly take a more detailed 
analysis based on an isoform-, cell type- and stimulus- 
specific context of Raf signalling. 
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Abstract 

The MAP Kinase pathway is a key signalling mechanism that regulates many cellular functions such as cell growth, transformation and 
apoptosis. One of the essential components of this pathway is the serine/threonine kinase, Raf. Raf (MAPKK kinase, MAPKKK) relays the 
extracellular signal from the receptor/Ras complex to a cascade of cytosolic kinases by phosphorylating and activating MAPK/ERK kinase 
(MEK; MAPK kinase, MAPKK) that phosphorylates and activates extracellular signal regulated kinase (ERK; mitogen-activated protein 
kinase, MAPK), which phosphorylates various cytoplasmic and nuclear proteins. Regulation of both Ras and Raf is crucial in the proper 
maintenance of cell growth as oncogenic mutations in these genes lead to high transforming activity. Ras is mutated in 30% of all human 
cancers and B-Raf is mutated in 60% of malignant melanomas. The mechanisms that regulate the small GTPase Ras as well as the 
downstream kinases MEK and extracellular signal regulated kinase (ERK) are well understood. However, the regulation of Raf is complex 
and involves the integration of other signalling pathways as well as intramolecular interactions, phosphorylation, dephosphorylation and 
protein-protein interactions. From studies using mammalian isoforms of Raf, as well as C. elegans Iin45-Raf, common patterns and unique 
differences of regulation have emerged. This review will summarize recent findings on the regulation of Raf kinase. 
© 2002 Elsevier Science Inc. All rights reserved. 

Keywords: MAPK signalling; Ras; Phosphorylation; Scaffolding proteins 



1. Introduction 

Raf was originally identified as a retroviral oncogene (v- 
Raf) possessing serine/threonine kinase activity [1,2]. v-Raf- 
related genes were soon identified in humans and now 
comprise a family of three isoforms, A-Raf, B-Raf and C- 
Raf (Fig. 1). All Raf kinases are composed of three con- 
served regions, CR1, CR2 and CR3 [3]. The initial process 
of Raf activation involves the interaction of active GTP- 
bound Ras with the Ras binding domain (RBD) and cysteine 
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rich domain (CRD) of CR1, and subsequent recruitment of 
Raf to the membrane for further activation [3-5]. The role of 
the serine/threonine-rich CR2 is less defined; however, 
phosphorylation of CR2 and various protein -protein inter- 
actions via CR2 appear to affect the localization and activa- 
tion of Raf [6-10]. Deletions of the N-terminal regulatory 
domains (CR1 and CR2) similar to v-Raf are found in several 
activated forms of Raf genes detected in certain neoplastic 
human cells, which suggests that these domains negatively 
regulate Raf [1 1 -14]. CR3 is the catalytic kinase domain of 
Raf and is also subject to regulation by phosphorylation. 
Hence, the regulation of Raf kinases is a complex process 
involving inter- and intramolecular interactions as well as 
phosphorylation of the regulatory and catalytic domains of 
the protein [3,9,10,15-17], 

Studies with Raf knockout mice have revealed both 
overlapping and unique functions for Raf isoforms [18- 
23]. For example, in C-Raf knockout mice, B-Raf can 
compensate for C-Raf in the activation of MAPK/ERK 
kinase (MEK). However, these mice are more susceptible 
to apoptotic stimuli despite the presence of A- and B-Raf 
[20]. Biochemical differences also exist between Raf iso- 
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Fig. 1. The conserved structure of the Raf kinase family. The three conserved regions of Raf kinases are conserved across isoforms and species. CR1 has two 
Ras binding domains (RBD and CRD), CR2 is serine/threonine rich and CR3 is the catalytic kinase domain. Conserved regulatory phosphorylation sites are 
also shown. Significant regulatory sites that are not conserved but are acidic residues in other isoforms/species are noted. Other phosphorylation sites that are 
not conserved are marked with an asterisk (*). S43 and S259 in C-Raf, S364, S428 and T439 in B-Raf and S3 12 and S453 in lin-45 Raf are inhibitory 
phosphorylation sites. AH other regulatory sites noted are activating phosphorylation sites. 



forms. A-Raf is a much weaker activator of MEK compared 
to B- and C-Raf. Furthermore, A-Raf can only activate 
MEK1 where C-Raf is able to activate both MEK1 and 
MEK2 [24-26]. Although highly conserved at the primary 
sequences, Raf isoforms have similar and distinct biochem- 
ical and functional properties. 



Raf isoforms also vary in their cell-specific expression 
and subcellular localization. For example, B-Raf (present as 
alternatively spliced isoforms) and C-Raf (expressed in 
many tissues) are expressed in the brain, while A-Raf is 
not [27]. A- and C-Raf are highly expressed in muscle, 
whereas B-Raf is detectable only at very low levels. In 
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Fig. 2. Raf is a point of regulation in the MAP kinase pathway. Small GTPases, kinases, phosphatases, scaffolding proteins and 14-3-3 regulate the MAP kinase 
pathway through their effects on Raf kinase activity. 
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addition, Raf kinases are also localized to different sub- 
cellular compartments. Both A- and C-Raf have stable or 
transient localization to the mitochondria, which has impli- 
cated Raf in the regulation of apoptosis [28-3 1], B- and C- 
Raf are both expressed in neurons; however, B-Raf is 
localized to neurite processes and C-Raf is perinuclear 
[27]. This localization may be due to isoform-specific lipid 
or protein-binding partners, which recruit Raf to distinct 
membrane rafts. 

All Raf kinases are activated by the Ras small GTPase, 
regulatory phosphorylation events and scaffolding proteins 
(Fig. 2). The combination of all these events leads to the 
proper activation of Raf. Hence, the complexity of Raf 
activation lies in the fact that different Raf isoforms com- 
bine common and unique mechanisms to regulate Raf 
kinase activity. 



2. Activation by small GTPases 

Recruitment of Raf to the plasma membrane by the small 
GTPase Ras is the initial event in the Raf activation process. 
The effector domain of GTP-bound Ras binds to Raf 
through two domains in CR1, the Ras-binding domain 
(RBD) and the cysteine-rich domain (CRD) [3-5], Binding 
to both sites is necessary for Raf activation. Although all 
Ras isoforms bind Raf with comparable affinity, different 
Ras isoforms activate Raf kinases to varying degrees. For 
example, K-Ras is a more potent activator of C-Raf than is 
H-Ras [32]. In addition, Raf activation by Ras is also 
affected by the subcellular localization of the various Ras 
isoforms through their prenylation signals, which function 
to target them to membranes of specific lipid content [33- 
35], It has been recently shown that the prenylation signal 
on H- and N-Ras can localize these molecules to the ER and 
Golgi membrane, respectively [34], Localization of Ras to 
these organelle membranes was shown to affect mitogen 
activated protein kinase (MAPK) signalling with kinetics 
different from signalling from the plasma membrane [34]. 

The small GTPase Rap has an identical effector domain 
to that of Ras, but whose activation results in different 
downstream functions [36], Notably, Rap activates B-Raf 
but inhibits C-Raf activation. Rap binds the CRD of C-Raf 
with higher affinity than Ras [37] and excludes Ras from 
binding. Replacement of the CRD in C-Raf with the CRD 
from B-Raf results in the loss of Rap inhibition of C-Raf. 
Similarly, replacement of the CRD in B-Raf with the CRD 
from C-Raf results in the inhibition of B-Raf by Rap. The 
mechanism of Rap inhibition of C-Raf further suggests that 
small GTPase binding alone is insufficient for C-Raf acti- 
vation. 

The Rho family of small GTPases has been implicated in 
C-Raf activation. The Rho family, which consists of Rho, 
Rac and Cdc42, regulates cytoskeletal structures such as 
stress fibres, lamellipodia and filopodia, respectively. How- 
ever, these GTPases do not directly bind Raf but signal via 



activation of downstream kinases. For example, Rho can 
signal through the activation of PKN1, PRK2 and ROCK1, 
where Rac and Cdc42 can signal through p21 activated 
kinase (PAK). Studies of C-Raf activation have led to the 
identification of a site phosphorylated by PAK (S338) that is 
critical to C-Raf activity [38-41]. Consistent with the role 
of PAK, the upstream activators Rac and Cdc42 cooperate 
with Ras to activate C-Raf [42]. One study showed that by 
using activated Ras mutants with an additional mutation that 
impairs C-Raf activation, but not Raf binding, activated Rac 
and Cdc42 were able to rescue C-Raf activation. However, 
activated Rac and Cdc42 alone could not induce C-Raf 
activity, and membrane localization of C-Raf was still 
required for activation. A dominant negative Rac mutant 
was able to abrogate Ras induction of C-Raf activity, which 
suggests that endogenous Rac is required for C-Raf activa- 
tion. Similar observations were made with activated Rho; 
however, the kinase-activated downstream of Rho is 
unknown. Hence, it appears that the members of the Rho 
family of small GTPases are critical mediators which con- 
tribute indirectly to Ras-induced activation of Raf. 



3. Phosphorylation 

Phosphorylation is an important mechanism by which 
Raf activity is regulated. Most studies on Raf regulation 
have focused on C-Raf, but studies involving B-Raf, C-Raf 
and the C. elegans Iin45-Raf have revealed that there is a 
conserved mechanism of regulation involving activation and 
inhibition by phosphorylation and dephosphorylation. 
Although the Raf kinases are structurally conserved 
between isoforms and species, there exist unique differences 
at key individual phosphorylation sites. Such differences 
explain how B- and C-Raf are both activated by Ras but can 
be regulated differently. 

Ras activation induces phosphorylation of Raf at numer- 
ous residues; however, a number of residues are also 
phosphorylated in the basal, unstimulated state. These 
residues include S259 and S621 which were originally 
identified in C-Raf [7]. Phosphorylation of S259 and S621 
creates two 14-3-3 binding sites which presumably help 
keep C-Raf in an auto-inhibited state. Phosphorylation at 
S621 may have more complex implications since mutation 
of this residue leads to complete inactivation of the kinase. 
Hence, a balance of phosphorylation and dephosphorylation 
is required to prime Raf properly in the basal state prior to 
stimulation by Ras or mitogens. 

C-Raf has four activating phosphorylation sites that are 
Ras-inducible: S338, Y341, T491 and S494. S338 is the 
PAK phosphorylation site which lies just N-terminal to the 
kinase domain and is critical for Raf activation [15,38-43]. 
This site is conserved in the mammalian Rafs, as well as in 
Drosophila D-Raf. Interestingly, the homologous site in B- 
Raf, S445, is constitutively phosphorylated and may 
account for the high basal activity of B-Raf compared to 
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C-Raf [41]. C. elegans Iin45-Raf has an aspartic acid 
residue substituted at this position which may mimic the 
effect of phosphorylation. Mutation of S338 in C-Raf results 
in a reduction of Raf activation induced by EGF, activated 
Ras, phorbol esters and the muscarinic G-protein coupled 
receptor pathway. Ras-induced phosphorylation of this site 
presumably occurs through Ras activation of PI3 kinase, 
whose lipid byproducts indirectly activate Rac exchange 
factors. Activated mutants of Rac and Cdc42 were also able 
to induce phosphorylation at S3 3 8, through activation of 
PAK. 

Another C-Raf phosphorylation site is Y341 [24,41,44- 
47], which also lies just N-terminal to the kinase domain. 
Y341 is phosphorylated by Src and Janus activated kinase 
(JAK) [44,48,49]. In B-Raf, this tyrosine is replaced by an 
aspartic acid residue which can explain why B-Raf can be 
fully induced by Ras alone, but A- and C-Raf also require 
Src for full activation. A mutation in C-Raf that no longer 
binds Ras and therefore cannot be recruited to the mem- 
brane is also compromised in activation by Src [41,46]. Raf 
activation can be rescued if the mutant is artificially targeted 
to the plasma membrane where it can be activated by Src 
alone. However, Ras-mediated membrane recruitment and 
Src activation are not the only steps in C-Raf activation. 

Two phosphorylation sites, T491 and S494, have been 
identified in the activation loop of the kinase domain of 
C-Raf [15]. These sites were first identified in B-Raf 
(T598 and S601), where mutation to alanine residues 
resulted in a loss of B-Raf activity induced by EGF and 
activated Ras, as well as by phorbol esters and muscarinic G- 
protein-coupled receptors [9], Mutation of these sites in B- 
Raf to phosphomimetic residues resulted in constitutive 
activity independent of activated Ras. Recently, V599 in 
B-Raf was found to be frequently mutated to glutamic acid in 
human malignant melanomas and to a lower frequency in 
other cancers [50]. This tumour-associated mutation creates 
a negative charge next to the T598 phosphorylation site in 
the activation loop and is sufficient to activate B-Raf activity. 
The activation loop phosphorylation sites are also conserved 
across species. Acidic residue substitutions at homologous 
sites in Iin45-Raf result in a multi-vulval phenotype indica- 
tive of an activated MAPK pathway [15]. The same acidic 
residue substitutions in C-Raf result in higher basal activity; 
however, Raf activity can be further enhanced by Ras 
through phosphorylation of S338 and Y341. T491 and 
S494 are phosphorylated in a Ras-dependent manner; how- 
ever, the kinase that phosphorylates these residues has not 
been identified. Substitution of all four activating phosphor- 
ylation sites, S338, Y341, T491 and S494, to acidic residues 
results in full C-Raf kinase activity. 

Phorbol esters, which activate protein kinase C (PKC), 
can activate Raf kinase activity. S499, which lies in the 
activation loop of C-Raf, was originally identified as a site 
phosphorylated by PKC [51]. However, several studies have 
found that mutation of S499 to alanine has no effect on 
PKC-stimulated Raf activity or Raf activity induced by 



activated Ras or EGF [15,52]. Hence, the role of phosphor- 
ylation of S499 as well as the mechanism of PKC-stimu- 
lated Raf activity still remains to be elucidated. A similar 
observation has occurred for S43 (located in the RBD) which 
was one of the first C-Raf phosphorylation sites identified [7]. 
S43 in C-Raf was thought to be directly phosphorylated by 
protein kinase A (PKA) and mediate PKA-induced inhibition 
[53]. However, it was shown that mutation of this site had no 
effect on PKA-induced C-Raf inhibition [54]. In B-Raf, this 
site is not conserved but B-Raf is still inhibited by forskolin- 
induced PKA [54,55]. Adding to the complexity of PKA- 
regulated Raf activity is the fact that PKA also stimulates 
Rap, which activates B-Raf [56]. The effect of PKA on C-Raf 
has been found to vary depending on cell type and serum 
conditions, which has led to confusion about the role of PKA 
and S43 in C-Raf regulation. This was clarified by the 
observation that during serum starvation, phosphorylation 
at S43 inhibits Ras binding to the RBD, and therefore 
inhibits C-Raf activation [57]. However, in the presence of 
mitogenic factors, C-Raf phosphorylated on S43 is able to 
bind Ras and thus this site plays no role in regulating C- 
Raf activity. The same study also showed that PKA can 
phosphorylate S43 as well as S259. 

Inhibition by phosphorylation is a conserved mechanism 
of Raf regulation. In addition to S43, C-Raf contains an 
inhibitory phosphorylation site at S259. The current model 
suggests that phosphorylation of S259 along with phosphor- 
ylation of S621 creates an auto-inhibited conformation state 
that is maintained by a 14-3-3 dimer, thus bridging the isl- 
and C-terminal domains together [3]. Akt was identified as 
the kinase that phosphorylates S259 and thus inhibits Raf 
activity [6,10,58]. Mutation of this site to alanine increases 
the basal activity of C-Raf. S259 is also conserved among 
the Raf isoforms as well as in C elegans and Drosophila 
Raf kinases. However, in addition to the conserved S259 
residue, B-Raf contains two additional Akt sites, S428 and 
T439. Unlike C-Raf, mutation of C-Raf S259 site in B-Raf 
(S364) to alanine results in a minor increase in basal activity 
[6,15]. Only when all three sites are mutated to alanine does 
the activity increase to a level comparable to Ras-stimulated 
activity. Similarly, single mutation of either of the two 
putative Akt sites to alanine in C elegans lin-45 Raf has no 
phenotypic effect; however, mutation of both sites results in a 
mutli-vulval phenotype [15]. S364 in B-Raf has also been 
identified as a serum and glucocorticoid-inducible kinase 
(SGK) phosphorylation site [59]. SGK has some homology to 
Akt but, unlike Akt, preferentially targets S364 on B-Raf. 
Whether or not SGK regulation is unique to B-Raf or 
common to all Raf isoforms remains to be examined. 

The serine/threonine phosphatases PP1 and PP2A have 
been shown to promote C-Raf activation [60-62]. The 
positive role of these phosphatases in the regulation of Raf 
activity was demonstrated initially in C. elegans [61]. A 
genetic screen identified Sur6, a subunit of PP2A, as an 
activator of the MAPK pathway. It was observed that the 
multi-vulval phenotype induced by activated Ras was 
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reduced by a mutation in Sur6, which suggests that Sur6 
plays a positive role in signalling. These data also propose 
that the phosphatase acts downstream of Ras in the path- 
way. A study by Jaumot and Hancock [62] found that the 
critical target of PP1 and PP2A is S259. Mutation of S259 
to alanine resulted in high basal activity. General and 
specific inhibitors of the PP1 and PP2A phosphatases 
abrogated Ras-stimulated C-Raf activity. Furthermore, 
inhibition of PP1 and PP2A resulted in a shift in C-Raf 
membrane microdomain localization and also in the 
increase of 14-3-3/C-Raf complexes at the plasma mem- 
brane. These complexes were not able to be activated even 
though they were localized to the plasma membrane. These 
data further support that membrane recruitment alone is 
insufficient for Raf activation and that PP1 and PP2A 
regulate microdomain localization of Raf which is impor- 
tant for Raf activity [62]. 



4. Scaffolding proteins 

Genetic screens in Drosophila and C. elegans have 
revealed several novel genes that are important modulators 
of the Ras/MAPK pathway. One of these genes, called 
kinase suppressor of Ras (KSR), functions as a positive 
regulator and is proposed to act downstream of or in 
parallel to Ras [63-65]. KSR contains a C-terminal kinase 
domain with some homology to the Raf kinase family. 
However, the KSR kinase domain contains an arginine 
residue in place of a conserved catalytic lysine residue. 
Nevertheless, an initial report concluded that KSR does in 
fact possess kinase activity, is activated by ceramide and 
results in the direct phosphorylation of T269 of C-Raf to 
enhance activity [66]. Further observations showed that 
EGF can stimulate KSR activity (via an unknown mecha- 
nism) and that KSR mediates optimal Raf activation 
through phosphorylation of T269 [67,68]. However, several 
groups have been unable to detect any catalytic function for 
KSR and have proposed that KSR functions as a scaffold- 
ing protein based on its ability to interact with Raf, MEK, 
ERK, 14-3-3 and various heat shock proteins [69-72]. 
Expression of KSR in mammalian cells is able to redis- 
tribute MEK from the soluble fraction into a high molecular 
weight membrane-associated complex, suggestive of a 
function as a scaffolding protein [71]. A recent report 
suggests that KSR functions as a scaffold to facilitate the 
phosphorylation of MEK by Raf [73]. 

Observations made in C. elegans suggested that KSR 
kinase activity is not necessary for KSR function [71]. 
Predicted kinase-dead mutants of KSR were able to comple- 
ment a KSR loss-of-function allele. However, recent anal- 
ysis of the C elegans genome has uncovered a second KSR 
gene, ksr-2 [74]. It was observed that only double mutants 
of ksr-1 and ksr-2 had strong defects in vulval development. 
This suggested that ksr-1 and ksr-2 are functionally redun- 
dant; however, both are essential for MAPK signalling in C 



elegans. Ablation of the KSR gene in mouse resulted in a 
phenotypically normal animal in contrast to observations 
made in C elegans [75]. However, the mouse did exhibit 
attenuated ERK activity and loss of the previously described 
high molecular weight scaffolding complex. In Drosophila 
S2 cells, reduction of KSR protein levels using RNAi 
impaired insulin-stimulated Raf activation [76]. Together, 
these studies suggest that although KSR may not be an 
essential component of MAPK signalling in mammals, it is 
required for enhanced MAPK signalling, hence supporting 
its role as a modulator. 

Another product isolated from genetic screens is Sur8/ 
Soc-2 [77,78]. Epistatic experiments have predicted Sur-8 to 
function downstream of Ras and upstream of Raf. Analysis 
of the Sur-8 sequence revealed multiple leucine-rich repeats 
which suggest its involvement in protein- protein interac- 
tions. Human Sur-8 is able to enhance Ras and EGF- 
stimulated Raf activity, but has no effect on Raf- or MEK- 
induced ERK activity [79]. Sur-8 is able to form a ternary 
complex with Ras and Raf, which suggests that its function 
is to facilitate activation by bringing these molecules into 
close proximity. 

A third protein identified through genetic screens is 
connector enhancer of A:SR (CNK). Like KSR and Sur-8, 
epistatic studies in Drosophila place CNK downstream of 
Ras and parallel or upstream of Raf [80]. Using double- 
stranded RNA to knockdown expression, Anselmo et al. 
[76] showed that CNK and KSR in Drosophila S2 cells are 
required for Raf activation and that CNK specifically 
enhances the membrane recruitment of Raf CNK has no 
apparent catalytic domain, but has multiple protein-protein 
interaction domains and localizes to cell -cell contact 
regions. CNK may be able to associate with other Ras- 
mediated, MAPK-independent pathways such as the 
RalGDS pathway [81]. The role of the mammalian CNK 
homologue, membrane-associated guanylate kinase-inter- 
acting protein (MAGUIN)-l, in Raf activation is still 
elusive [82]. 

The scaffolding proteins mentioned above enhance 
MAPK signalling. Raf kinase inhibitor protein (RKIP) is a 
scaffolding protein that inhibits the MAPK pathway [83]. 
Raf kinase inhibitor protein (RKIP) can bind Raf, MEK and 
ERK; however, the binding of Raf and MEK to RKIP is 
mutually exclusive [84]. The Raf and MEK binding sites on 
RKIP overlap and exclude each other from binding by steric 
interference. Suppression of endogenous RKIP expression 
was found to induce MEK/ERK activity. RKIP functions by 
inhibiting the formation of Raf and MEK in the same 
signalling module regardless of the activation state of Raf 
Whether RKIP is specific to C-Raf or whether other iso- 
forms have their own RKIP-like scaffolding inhibitor is 
unknown. 

An even more potent inhibitor of the MAP kinase path- 
way is the Sprouty-related protein, Spred [85]. Sprouty was 
first identified in a genetic screen in Drosophila and was 
found to be a general inhibitor of receptor tyrosine kinases 
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[86,87], Subsequently, Sprouty was shown to inhibit the 
formation of functional signalling complexes with the 
receptor and upstream of Ras [88]. Unlike Sprouty, Spred 
inhibits the MAP kinase pathway downstream of Ras and is 
able to associate with Raf. Although Spred binds Ras, Spred 
does not affect the activation of Ras or the recruitment of 
Raf to the membrane. However, it does inhibit Raf phos- 
phorylation and activation by as yet undetermined mecha- 
nism [85]. The presence of enhancing and inhibitory 
scaffolding proteins adds another dimension to the diversity 
of Raf regulation. 

5. Concluding remarks 

The activation of Raf involves a complex series of 
events that include membrane recruitment, phosphoryla- 
tion and dephosphorylation and the disruption and for- 
mation of various protein -protein interactions. Recent 
work has elucidated several new phosphorylation sites 
that are critical to the activation of Raf and also the 
signalling pathways that influence the phosphorylation 
state of Raf. In addition, genetic experiments in Droso- 
phila and C. elegans have uncovered numerous Raf-bind- 
ing proteins that scaffold the Raf complex and modulate 
its activation, which has added to the sheer complexity of 
the activation process. What has also become clear in 
recent years is that Raf isoforms share both common and 
unique mechanisms by which they are regulated. Since 
Raf isoforms have been shown to be expressed in differ- 
ent tissues and within various subcellular compartments, 
this suggests that it is not necessarily accurate to apply 
canonical mechanisms of Raf activation and function to 
each isoform. The complexity and diversity of Raf regu- 
lation continue to grow due to concerted efforts in the 
fields of genetics, biochemistry and cell biology. Future 
work in this area will undoubtedly take a more detailed 
analysis based on an isoform-, cell type- and stimulus- 
specific context of Raf signalling. 
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Raf: A Strategic Target for Therapeutic Development 
Against Cancer 

Muralidhar Beeram, Amita Patnaik, and Eric K. Rowinsky 



The mitogen-activated protein kinase (MAPK) signaling pathway plays a critical role in transmitting 
proliferative signals generated by cell surface receptors and cytoplasmic signaling elements to the nucleus. 
Several important signaling elements of the MAPK pathway, particularly Ras and Raf, are encoded by 
oncogenes, and as such, their structures and functions can be modified, rendering them constitutively active. 
Because the MAPK pathway is dysregulated in a notable proportion of human malignancies, many of its 
aberrant and critical components represent strategic targets for therapeutic development against cancer. Raf, 
which is an essential serine/threonine kinase constituent of the MAPK pathway and a downstream effector 
of the central signal transduction mediator Ras, is activated in a wide range of human malignancies by 
aberrant signaling upstream of the protein (eg, growth factor receptors and mutant Ras) and activating 
mutations of the protein itself, both of which confer a proliferative advantage. Three isoforms of Raf have 
been identified, and therapeutics targeting Raf, including small-molecule inhibitors and antisense oligode- 
oxyribonucleotides (ASON), are undergoing clinical evaluation. The outcomes of these investigations may 
have far-reaching implications in the management of many types of human cancer. This review outlines the 
structure and diverse functions of Raf, the rationale for targeting Raf as a therapeutic strategy against cancer, 
and the present status of various therapeutic approaches including ASONs and small molecules, particularly 
sorafenib (BAY 43-9006). 

J Clin Oncol 23:6771-6790. © 2005 by American Society of Clinical Oncology 



The ras family of oncogenes and encoded pro- 
teins has been evaluated as a putative target for 
anticancer therapeutic development. These ef- 
forts have resulted in new insights into Ras- 
mediated cell signaling as it relates to human 
cancer. Ras plays a central role in an intricate 
array of signal transduction pathways, charac- 
terized by cross talk, feedback loops, and mul- 
ticomponent signaling complexes. 1 " 3 One 
strategy to overcome the challenges inherent 
in developing therapeutics against signaling el- 
ements situated in redundant pathways is to 
target elements downstream of convergence 
points of critical signaling modules. This rea- 
soning has led, in part, to interest in Raf kinase, 
which is one of several downstream effectors 
of Ras, as a target for therapeutic development 
against cancer. 

The Raf serine/threonine kinases are the 
principal effectors of Ras in the mitogen- 



activated protein kinase (MAPK) pathway 
(Fig 1). Raf activation occurs immediately 
downstream of membrane and cytoplasmic 
receptors that relay mitogenic signals. 4 Al- 
though principally activated by Ras, Raf may 
also be activated by Ras-independent elements 
and, in turn, propagates signals through di- 
verse effectors that mediate proliferation, an- 
giogenesis, metastases, and survival. 5 Raf may 
be activated by signaling upstream or consti- 
tutively. Constitutive activation of Raf and Ras 
are indistinguishable in their potential to in- 
duce malignant transformation. 6 " 8 Activating 
raf mutations have been identified in mela- 
noma, thyroid, colon, and other cancers (Ta- 
ble l). 9 * 43 Furthermore, the disappointing 
clinical results of farnesyltransferase (FTase) 
inhibitors (FTIs) that were developed based 
on a flawed premise that they would effec- 
tively target malignancies with a high inci- 
dence of Ras mutation has led to scrutiny of 
signaling elements downstream of Ras, such 
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Fig 1. Ras-mediated signal transduction pathways. Abbreviations: PKB/Akt, 
protein kinase B; ERK, extracellular signal-regulated kinase; Grb2, growth 
factor receptor binding protein; JNK, c-JUN amino-terminal kinase; MEK, 
mitogen-activated protein kinase kinase; P, phosphate; PAK, p21 -activated 
kinase kinase or JNK kinase; PI3K, phosphatidylinositol 3-kinase; She, Src 
homology domain-cytosol; SEK, stress-activated protein kinase; and SOS, 
son-of -seven less exchange factor. 



as Raf, as therapeutic targets. 44 This review highlights rele- 
vant information about the biology of Raf and novel strat- 
egies directed at exploiting this knowledge to more 
effectively treat malignant diseases. 



SIGNALING THROUGH THE MAPK PATHWAY 



The molecular mechanisms and signaling pathways that 
regulate cell proliferation and survival are receiving consid- 
erable attention as potential targets for anticancer strate- 
gies. 45,46 Recently, there has been a notable increase in 
efforts directed at targeting the MAPK pathway, which in- 
tegrates a wide array of proliferative signals initiated by 
receptor tyrosine kinases (RTKs) and G protein- coupled 
receptors. 47,48 The network of signals emanating from the 
MAPK pathway are transmitted by proteins that serve as 
chemical switches, cycling between phosphorylated (acti- 
vated) and dephosphorylated (inactivated) states 49 These 
on and off switches are regulated by kinases and phospha- 
tases, respectively. Activated signaling elements, in turn, 
phosphorylate amino acid residues on downstream signal- 
ing proteins in a cascade-like and expansive manner. 50 Not 
only does the centrality of the MAPK pathway render its 
components important targets for therapeutic develop- 
ment, but many genes that encode for its critical signaling 
elements undergo mutations, constitutively activating 
downstream signaling elements and conferring the poten- 
tial for transformation and autonomous growth. 50 " 52 In 



addition to efforts directed at Ras, therapeutic strategies 
directed at the MAPK pathway are targeting the cascade of 
downstream effector proteins including Raf, MAPK kinase 
(MAPKK; also called MEK or extracellular signal-regulated 
kinase [ERK] kinase), and ERK. The Raf/MEK/ERK mod- 
ule (Fig 1) of the MAPK pathway, which is immediately 
downstream of Ras, may be less redundant and innately 
resistant to therapeutic manipulations compared with Ras 
(as discussed in the next section). 

The Unfilled Promise of Targeting Ras 

The Raf/MEK/ERK module of the MAPK pathway has 
been the focus of considerable attention because therapeu- 
tic efforts directed at Ras, which is situated at the apex of the 
MAPK pathway, have been disappointing. 44 Ras belongs 
to a superfamily of guanine nucleotide triphosphatases 
(GTPases) that transmit proliferative and survival signals to 
the MAPK, phosphatidylinositol 3-kinase (PI3K), and 
other pathways (Figs 1 and 2). Three ras proto- oncogenes 
encode four 21-kd proteins, called p21 ras or Ras (H-Ras, 
N-Ras, K-Ras4A, and K-Ras4B, resulting from two alterna- 
tively spliced K-Ras gene products), that are localized to the 
inner surface of the cell membrane. 44 Of the three ras genes, 
K-ras mutations are most commonly found in solid ma- 
lignancies, whereas N-ras mutations are encountered less 
often, and H-ras mutations are rarely encountered. 53,54 
Ras isoforms impart distinct biologic effects as a result of 
the potential of these proteins to differentially activitate 
critical effectors. 55 

After synthesis as inactive cytosolic propeptides, Ras 
undergoes a series of post-translational modifications at its 
carboxyl terminus that increase its hydrophobicity. 56,57 
These modifications render Ras functional and capable of 
localizing to the lipid-rich inner surface of the cell mem- 
brane. The first and most critical modification, farnesyla- 
tion, which is principally catalyzed by protein FTase, adds a 
1 5-carbon hydrobobic farnesyl isoprenyl tail to the carboxyl 
terminus of Ras. It is in the cell membrane where Ras cycles 
between inactive guanosine diphosphate- bound and active 
guanosine triphosphate (GTP) -bound states, thereby acti- 
vating a series of effector kinases that phosphorylate a cas- 
cade of signaling proteins. 58 Ras mutants exhibit slightly 
less intrinsic GTPase activity than wild-type Ras; however, 
the principal consequence of the mutated proteins is a 
marked decrease in interactions between Ras and its 
GTPase activator protein. 59 Instead of reverting to its inac- 
tive guanosine diphosphate-bound state, the modified 
conformation of mutant Ras favors its active GTP-bound 
state, which has a higher propensity to activate downstream 
effectors even in the absence of growth factor stimulation, 
conferring a proliferative advantage to tumors. 

The considerable attention paid to targeting Ras as a 
therapeutic strategy is based on the high incidence of acti- 
vating ras mutations in human malignancies, including 
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Table 1. raf Alterations and Mutations and Human Cancers 



Raf 
Isoform 



Predominant Genetic 
Alterations 



Type of Malignancy 



Reference 



Frequency of Raf 
Mutation (%)* 



Frequency of Ras 
Mutation (%} 



B-Rafi 



"Point (missenseF 
: mutations • 



C-Raf Gene rearrangements; 

point mutations; 
truncated amino- 
terminal regulatory 
domain 



H r"Malignanfmelahl)ma V>4>.^ 

Anaplastic thyroid carcinoma; 

; ; . Pa pi llary thyroid 'ca rci noma ; ? i 

>j Cholangiocarcinoma' . 

; :■ ' Colorectal carcinoma '.J;! ^ ; ;f ' ^ : ' 
Esophageal carcinoma, Barrett f s 

; • " Acute myeloidjeukemia -U.^;- ; 

- Head and neck' ^rcinoma; • 
; squamous ; '.-!C"-V ' : 

Lung carcinoma;;non-smali-cell 
Gastric wrcinorna - ; ^ - ; ' - 

; 1 Ovarian carcinoma; low-grade/ - 
; high-grade ; ' 

: .:' Mucinous ovarian carcinoma '[}" 



!"Davies jbTal 9 ¥nd' Pollock and 

!Meltzer 17 ?*uJ'-- < 4^-^- ■■ 
■ Nikiforova et al 15 / : ' ) {] 

Kimura et al 16 and Cohen et al ,a 
• Tannapfel et. aj 2 * v/ r 
. Rajagopalan et al 1 ^ .' 

Sommerer et 'aP 2 ^\ : <r^[ : v^/ ]: \ 

Cohen et al 1 ^ and Weber:4t;al 23 . 



Brose et al? 4 

. Lee et'al 2 ^- , i ^ 
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35.8r69 

.". 4-16 
•15: 



v.16 



Ms 



\ 36^; 
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Gemignani et al 26 . 
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50 



-t 



Renal cell carcinoma 



Oka et al 28 



55 



10 



Medullary thyroid carcinoma 


Carson et a I 29 


— t 


— t 


Breast carcinoma 


Callans et al 13 and McFarlin and 
Gould 30 


— t 


2 


Lung carcinoma, non-small-ceil 


Kerkhoff et al 31 


— t 


22 


Lung carcinoma, small-cell 


Graziano et al 32 


>90 


<2 


Head and neck carcinoma. 


Patel et al 33 and Riva et al 34 


— t 


23 


squamous 








Soft tissue and bone sarcomas 


Ikeda et al 35 and Mitsunobu et ar 36 


— t 


— t 


CNS: glioma, glioblastoma, 
ependymoma 


LaRocca et al, 37 Fukui et al, 38 
and Korshunov et al 39 


— t 


— t 


Hepatocellular carcinoma 


Ting et al, 40 Jenke et al, 41 and 
Beer et al 42 


— t 


31 


Pancreatic carcinoma 


Berger et a I 43 


— t 


78 


Non-Hodgkins lymphomas, T-cell 


Storm and Rapp 10 


— t 


— t 



"Frequency values based on a review of the literature, largely encompassing small and moderately sized studies that generally surveyed tumor biopsy 
samples in a retrospective manner. 

tThe precise frequency of the specific genetic alteration is not known. References discuss phenomena but relate to small numbers of patients. 



approximately 22% of non-small-cell lung, 50% of colorec- 
tal, and 90% of pancreatic cancers. 53,60,61 Of the strategies 
directed at Ras, targeting FTase has received the most atten- 
tion, but the FTIs are not Ras specific, and a bonafide 
Ras-specific therapeutic agent has not yet been evaluated in 
clinical trials. 62,63 Fortunately, because K-ras mutations 
constitute most ras mutations in the aforementioned ma- 
lignancies, in which the therapeutic expectations of FTIs 
were among the highest, the failure of this strategy should 
not be surprising because geranylgeranyl transferase I can 
alternatively prenylate K-ras, rendering it functional even 
when FTase is completely inhibited. 64,65 Although the FTIs 
have shown notable antitumor activity in patients with 
advanced breast cancer and some hematologic malignan- 
cies, the low ras mutation rates in these cancers suggest that 
farnesylation of other critical proteins is being inhibited. 66 



DOWNSTREAM OF RAS: RAF AND OTHER RAS EFFECTORS 



Localization of GTP-bound Ras to the inner surface of the cell 
membrane activates several downstream effectors, most nota- 
bly the serine/threonine kinase Raf, which is the first signaling 
element in the MAPK pathway. 2,67,68 As shown in Figure 1, 
other downstream effectors of Ras include the PI3K cell sur- 
vival pathway, the small GTP-binding proteins Rac and Rho, 
and the stress-activated protein kinase pathway (also referred 
to as the c-jun N-terminal kinase [JNK] pathway). 69 " 71 In 
addition, in response to cellular stress and cytokine stimula- 
tion mediated through Ras, the dual-specificity p38 MAPK ki- 
nases (MKK3 and MKK6) and the JNK kinases (MKK4 and 
MKK7) phosphorylate pSS^^and JNK, respectively. 72 " 76 

GTP-bound Ras interacts directly with Raf and mobi- 
lizes the inactive protein from the cytoplasm (Figs 1 and 2). 
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Fig 2. Raf is stimulated by diverse mitogenic stimuli and, in turn, activates 
multiple effectors. Abbreviations: ASK1, apoptosis signal-regulated kinase; 
CREB, cyclic adenosine monophosphate response element B; c-Fos, c-Myc, 
Ets, and ELK1, transcription factors; NF-kB, nuclear factor-kappa B; p90RSK, 
90-kd ribosomal S6 kinase; PPARy, peroxisome proliferator activated recep- 
tor gamma; Rb, retinoblastoma protein; She, Src homology domain-cytosol; 
STAT, signal transducer and activator of transcription. 

Once the Ras-Raf complex is translocated to the cell mem- 
brane, Ras activates the serine/threonine kinase function of Raf 
through an association between its Ras-binding domain 
(RBD) in the amino-terminal regulatory region and Ras-GTP. 
This is followed by a series of Ras-dependent phosphorylation 
events and conformational changes, which will be described 
later in this review. 77 " 84 The regulatory mechanisms of various 
Raf isoforms differ in that A-Raf and C-Raf require additional 
phosphorylation reactions for activity, whereas B-Raf has a 
much higher level of basal kinase activity. 85 

Raf is also activated by Ras- independent activators, 
including the soluble non-RTK Src and Janus kinase 1, 
which are involved in cytokine signaling. 86 Other Ras- 
independent activators of Raf include interferon beta, pro- 
tein kinase C (PKC) alpha, antiapoptotic proteins (eg, Bcl-2), 
scaffolding proteins (eg, ceramide-activated protein kinase), 
ultraviolet light, ionizing radiation, retinoids, erythropoietin, 
and dimerization between Raf isoforms 86 " 94 (Fig 3). In addi- 
tion, several Raf mutations confer constitutive activity to Raf 
irrespective of signaling activity upstream. 9,1 1,12 The multifac- 
toral mechanisms of Raf activation imply that therapeutic 
strategies that depend on the abrogation of any single element 
of these pathways may not result in sufficiendy robust tumor 



Fig 3. The activating and inhibitory stimuli converging on Raf and its 
principal downstream effectors. Abbreviations: ASK1, apoptosis signal- 
regulated kinase; BAG1, Bcl2- associated athanogene; CAPK, ceramide- 
activated protein kinase; cdc42, cyclin-dependent kinase; Hsp, heat shock 
proteins; KSR, kinase suppressor of Ras; MP1, MEK partner-1; NF-kB, 
nuclear factor-kappa B; PAK, p21 -activated kinase; PKC. protein kinase C; 
PKB/Akt protein kinase B; PP1 and PP2A, protein phosphatases; Rapl, 
repressor activator protein 1; Rb, retinoblastoma protein; RKIP, Raf kinase- 
inhibitor protein; SGK, steroid glucocorticoid kinase; Src, soluble nonrecep- 
tor tyrosine kinase; (+), activator; (-), inhibitor. 



growth-inhibitory activity. Furthermore, the kinase activity of 
Raf is inhibited by its interactions with cholesterol-rich lipid 
rafts in the cell membrane and phosphorylation by protein 
kinases A (PKA) and B (PKB/Akt), as shown in Figure 2 95-98 
In essence, the activation status of Raf depends on the integra- 
tion of both activating and inhibitory stimuli, the net result of 
which determines the downstream messages. 



THE RAF FAMILY OF GENES AND PROTEINS 



The raf family of genes was first identified as oncogenes in 
retroviruses that are the causative vectors of tumors in mice 
and chicken 99,100 The first raf gene to be identified, v-raf 
the transforming gene of the mouse sarcoma virus 3611, 
induces fibrosarcomas and erythroleukemia in newborn 
mice, and C-raf (also called raf-1) is its proto-oncogene 
homolog. 101,102 A-ra/was found next by screening a mouse 
spleen cDNA library at low stringency with a v-raf probe. 
Next, v-Rmil was identified as the transforming gene in the 
avian retrovirus Mill Hill No. 2 (MH2) from a spontaneous 
ovarian tumor and found to be homologous to v-raf" 
C-Rmil corresponded to a third mammalian ra/gene, B-raf 
which was also shown to be an oncogene. 103,104 However, 
initial attempts to identify activated versions of ra/in human 
cancers failed to demonstrate unique DNA rearrangements in 
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any specific tumor type, which, in retrospect, can be attributed 
to the lack of requisite sensitivity of early assays to detect single 
point mutations. Furthermore, most early efforts were di- 
rected at C-raf rather than at the more oncogenic B-raf. 

The mammalian raf family consists of the following 
three genes: A-raf B-raf, and C-raf which are located on 
chromosomes Xpl 1, 7q32, and 3p25, respectively. The raf 
proto-oncogenes encode three 68- to 74-kd cytosolic pro- 
teins, termed A-Raf, B-Raf, and C-Raf (Raf-1), which share 
highly conserved amino -terminal regulatory regions and 
catalytic domains at the carboxyl terminus (Fig 4). 10 As 
serine/threonine kinases, Raf proteins phosphorylate serine 
and threonine residues on essential modulatory proteins 
downstream of Ras. Each Raf species has a distinct expres- 
sion profile in tissues, which suggests that individual Raf 
isoforms perform clearly defined functions. 4 C-Raf is ubiq- 




Fig 4. Schema of the domain structure of A-Raf, B-Raf, and C-Raf. The 
amino acid phosphorylation sites (S, serine; T, threonine; Y, tyrosine) and 
phosphorylating stimuli regulating the Raf kinases are shown. Abbreviations: 
C, N, carboxyl and amino terminus; R8D, Ras-btnding domain; CRD, 
cysteine-rich domain; Epo, erythropoietin; KSR, kinase suppressor of Ras; 
MEK, mitogen-activated protein kinase kinase; PAK, p21 -activated kinase; 
PKA, protein kinase A; PKCa, protein kinase C alpha; SGK, steroid glucocor- 
ticoid kinase; Src, soluble nonreceptor tyrosine kinase. (Reproduced from 
Dowsett et al: Short-term changes in Ki-67 during neoadjuvant treatment of 
primary breast cancer with anastrozole or tamoxifen alone or combined 
correlate with recurrence-free survival. Clin Cancer Res 11:951S-958S, 2005) 



uitously expressed in most tissues. Both A- and B-Raf have 
more restricted expression profiles than C-Raf, with A-Raf 
overexpressed in urogenital tissues (eg, kidney, ovary, pros- 
tate, and epididymis) and B-Raf overexpressed in neural, 
testicular, splenic, and hematopoietic tissues. 105 Unlike 
A-raf and C-raf B-raf undergoes differential splicing in 
exons 8b and 10a, and its spliced variants are translated into 
10 B-Raf isoforms. 106,107 Both A-Raf and C-Raf undergo 
localization to the mitochondria, which supports the no- 
tion that Raf regulates apoptosis, but the specific propor- 
tions of Raf isoforms that are localized to the mitochondria 
are not known. 108 " 112 This localization may be a result of 
isoform-specific lipid- or protein-binding partners, which 
recruit Raf to distinct membrane rafts. 

From a functional standpoint, although all Raf proteins 
are serine/threonine kinases and capable of activating the 
MAPK cascade, they have distinct downstream phosphory- 
lation targets and play unique roles in signaling. 113 Their 
distinct roles are supported by Raf knockout studies, in 
which mice lacking each of the three Raf proteins have 
disparate phenotypes. 1 13,1 14 B-ra/knockouts die in utero by 
day 12, usually as a result of massive internal hemorrhage, 
whereas A-raf and C-raf knockouts die postpartum with 
extensive intestinal distension (A -raf knockout) or failure 
of lung maturation (C-ra/knockout). Additional support for 
the diverse functionality of Raf family members is provided by 
the disparate responses of B-Raf and C-Raf to identical stimuli, 
as well as the distinct messages that each isoform relays down- 
stream to Rapl, which is a small GTPase that functions as 
both an activator and repressor of Raf. 115 For example, Rapl- 
mediated stimulation of B-Rafby cyclic adenosine monophos- 
phate (cAMP) phosphorylates ERK, whereas stimulation of 
C-Raf inhibits ERK phosphorylation. 115 

The Structure of Raf 

The structure of Raf consists of the following: (1) an 
amino terminus that contains the regulatory domain; (2) an 
activation loop; and (3) a carboxyl terminus that contains 
the kinase domain 116-118 (Fig 4). All Raf kinases are com- 
posed of three conserved regions, CR1 (adjacent to the 
amino terminus), CR2, and CR3 (adjacent to the carboxyl 
terminus). The regulation of Raf kinase activity is a complex 
process involving phosphorylation of the regulatory and cat- 
alytic domains of the protein and both inter- and intramolec- 
ular interactions. The initial process of Raf activation involves 
the interaction of active GTP-bound Ras with the RBD of Raf 
and the adjacent zinc-binding cysteine-rich domain (CRD) of 
CR1, facilitating recruitment of Raf to the cell membrane for 
activation. 78 The role of CR2, which is rich in serine and 
threonine residues, is less well defined; however, the phos- 
phorylation of moieities within CR2 and various protein- 
protein interactions involving CR2 also affect Raf localization 
and activation. 89,119 " 121 Deletions of the amino- terminal reg- 
ulatory domains CR1 and CR2, similar to v-Raf, are found in 



www.jco.org 



6775 



Beeram, Patnaik, and Rowinsky 



several types of human cancers with activating Ka/mutations, 
suggesting that these domains negatively regulate Raf function. 
CR3, the catalytic domain of Raf, is also subject to regulation 
by phosphorylation. 

Regulation of Raf Kinase Activity 

General The overlapping functional aspects of the 
three Raf isoforms have been elucidated by studies involv- 
ing Raf knockout mice. In C-Raf knockouts, B-Raf can 
compensate for the loss of C-Raf in activating MEK in the 
MAPK pathway, but C-Raf knockouts are much more sus- 
ceptible to apoptotic stimuli, despite the presence of A- Raf 
and B-Raf. 122 With regard to differences in signaling be- 
tween the Raf isoforms, A- Raf is a weaker activator of MEK 
than B-Raf or C-Raf. Furthermore, A-Raf can activate 
MEK1 only, whereas C-Raf activates both MEK1 and 
MEK2. 123 " 125 As shown in Figure 3, Raf kinases are activated 
by Ras, other small GTPase regulatory proteins, and scaf- 
folding proteins, and the magnitude and quality of down- 
stream signaling are dependent on the integration of 
activating events and protein interactions. 

C-Raf exists in the cytoplasm as a 300- to 500-kd pro- 
tein complex. The complex consists of C-Raf, heat shock 
protein 90 (Hsp90), and the dimeric protein cofactor 14- 
3-3. 14-3-3 binds to two specific phosphoserine residues of 
C-Raf, which masks its kinase domain and inactivates the 
protein. The binding of Ras to C-Raf displaces the 14-3-3 
dimer, rendering C-Raf accessible to dephosphorylation by 
protein phosphatase 2A. 126 This action enables subsequent 
activation of C-Raf by mitogenic stimuli. The stability and 
function of C-Raf are also regulated by the phosphorylation 
status of C-Raf itself, the binding of C-Raf to Ras, and 
interactions between C-Raf and cellular lipids. 

Activation by Ras and other small GTPases. The initial 
event in the activation of Raf is its recruitment to the inner 
surface of the cell membrane by the small GTPase Ras. The 
effector domain of GTP-bound Ras binds to C-Raf through 
the RBD and CRD in the CR1. Although binding to both 
sites is required for Raf activation, the most critical interac- 
tion is between Ras-GTP and the RBD. 127 All Ras isoforms 
are capable of interacting with Raf, but K-Ras is the most 
potent activator, whereas N-Ras is much more efficient 
than H-Ras. 128 The interaction between Ras and C-Raf 
alone is insufficient to activate C-Raf, but it serves to trans- 
locate C-Raf to the cell membrane where it can be activated. 

The activation of B-Raf by Ras has been less well studied; 
however, the interacting amino acids in the Ras-Raf interface 
are identical for B-Raf and C-Raf. 129,130 The association of Ras 
with B-Raf also translocates B-Raf to the cell membrane where 
it is activated. 124 Interestingly, a membrane-free complex of 
B-Raf and 14-3-3 can be activated in vitro by recombinant Ras. 
This is in stark contrast to A-Raf and C-Raf, which must 
undergo a series of phosphorylation reactions on serine and 
tyrosine residues in the cell membrane and cannot be activated 



by Ras alone. 124,130 Of the Raf isoforms, B-Raf is activated first, 
and on stimulation by Ras, it heterodimerizes with C-Raf, the 
significance of which is not known. 94 

Both B-Raf and C-Raf can bind to other small GTPases, 
most notably Rap 1. 115,131,132 The effector domains of Rap 1 
and Ras are nearly identical, but activation of these pro- 
teins produces vasdy different downstream effects. Further- 
more, Rapl mediates distinct effects after binding to various 
Raf isoforms. The B-Raf-Rapl complex activates B-Raf, 
whereas the C-Raf-Rapl interaction does not activate C-Raf 
and, in fact, may be inhibitory. 115,132,133 This occurs because 
Rapl binds to the CRD of C-Raf with higher affinity than Ras 
and excludes Ras from binding. 

The Rho family of small GTPases, consisting of Rho, 
Rac, and cyclin -dependent kinase (Cdc) 42, regulate cy- 
toskeletal organization during the cell cycle and also medi- 
ate Ras-induced activation of Raf, especially C-Raf. 134 " 136 
These GTPases do not directly bind to Raf but, instead, 
signal by activating downstream kinases. Rho signals by 
activating the serine/threonine protein kinases Nl and N2 
and Rho-associated kinase 1, whereas Rac and Cdc42 signal 
through p21-activated kinase (PAK). 134-136 

Phosphorylation. Raf is principally activated by phos- 
phorylation of specific amino acid residues as shown for 
each isoform in Figure 4. From an evolutionary standpoint, 
the Raf activation sites are highly conserved from yeast to 
humans. Several amino acids in Raf, particularly serine (S) 
259 and S621, which bind 14-3-3 and maintain C-Raf in a 
closed auto- inhibited conformation, are phosphorylated in 
the basal state. 137 On stimulation, Ras-GTP displaces 14- 
3-3 from S259, and C-Raf is translocated to the cell mem- 
brane, where it can be dephosphorylated at S259 by protein 
phosphatase 2A or other phosphatases. 126 S259 also repre- 
sents the site of inhibitory phosphorylation by PKB/Akt, 
PKA, and serum glucocorticoid-inducible kinase. 121,138,139 
Phosphorylation at S621 seems to have greater significance 
because mutations at this site inactivate Rafs kinase activ- 
ity. Hence, a balance of phosphorylation and dephosphor- 
ylation is required to prime Raf in the basal state before 
stimulation by Ras or mitogens. 137 

Raf is also phosphorylated at other serine and threo- 
nine residues, the most important of which are S338 and 
tyrosine (Y) 341, which are situated adjacent to the C-Raf 
kinase domain. 140 Phosphorylation of these residues re- 
lieves the inhibitory effects of the regulatory domain on the 
kinase domain. 141 S338, which is the evolutionarily con- 
served PAK phosphorylation site that resides on the amino - 
terminal side of the kinase domain, is critical for Raf 
activation. 134-136,140,142 This site is also phosphorylated in 
response to stimulation by growth factors, integrins, Ras, 
PAK1, and PAK3. 78,136 ' 143 The homologous site on B-Raf, 
S445, is const it utively phosphorylated, accounting for the 
higher basal activity of B-Raf. Ras presumably phosphory- 
lates this site by activating PI3K. Activated mutants of Rac 
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and Cdc42 are also capable of inducing phosphorylation of 
S3 3 8 by activating PAK. Y341 is phosphorylated by the Src 
family of non-RTKs, Janus kinase, and erythropoietin. 85,92 
The substitution of this tyrosine residue by aspartate in 
B-Raf may explain why B-Raf is fully inducible by Ras, 
whereas A-Raf and C-Raf require both Ras and Src for full 
activation. 124 However, Ras-mediated recruitment of C-Raf 
to the cell membrane and Src activation are not the only 
steps involved in the activation of C-Raf. 

A-Raf, which is structurally similar to C-Raf, is acti- 
vated in a similar manner; however, the pertinent structural 
and activational aspects of B-Raf differ from those of A-Raf 
and C-Raf. Although the structural domains and phosphor- 
ylation sites of Raf proteins differ, the greater degree of 
phosphorylated amino acids in B-Raf confers a 15- to 20- 
fold higher level of kinase activity in the basal state than 
either A-Raf or C-Raf, and B-Raf is therefore a much more 
robust activator of ERK phosphorylation. 85,144,145 The 
differential splicing of B-raf may also account for the 
distinct kinase activity of the protein. In addition, the 
structures of several B-Raf mutants mimic the conforma- 
tional changes unique to phosphorylated wild-type 
B-Raf, which may explain the ability of B-Raf mutants to 
activate ERK in the absence of stimulation. 

Other interactions. In addition to phosphorylation 
events, the activation status of C-Raf is regulated by 
protein-protein and protein-lipid interactions. As shown in 
Figure 2, C-Raf interacts with a diverse array of scaffold- 
ing proteins (kinase suppressor of Ras and MEK partner-1), 
adaptor proteins (Bcl-2-associated athanogene-1), chaperone 
proteins (Hsp90 and Hsp70), substrates (retinoblastoma pro- 
tein [Rb] ), lipids (phosphatidic acid, cholesterol-rich caveolae, 
and cytosolic lipid rafts), and cellular constituents, many of 
which, in turn, modulate its kinase activity. 95 

Activation of Downstream Effectors by Raf 

Activated Raf principally propagates signaling by phos- 
phorylating the two dual-specificity MAPKKs, MEK1 and 
MEK2 (also referred to as MKK1 and MKK2; Figs 1 and 2). 75 
The Raf isoforms are the best characterized MEK1 and MEK2 
activators, and all Raf isoforms activate MEK1, whereas 
only B-Raf and C-Raf activate MEK2. MEK1 and MEK2 
contain a proline-rich sequence that enables recognition 
and activation by Raf. 125,146 ' 153 This sequence, which is not 
present in other MAPKKs, may explain why Raf preferen- 
tially activates MEK1 and MEK2, whereas the dual- 
specificity p3S MAPK kinases (MKK3 and MKK6) and JNK 
kinases (MKK4 and MKK7) phosphorylate p38 MAPK and 
JNK, respectively. Although both A-Raf and C-Raf are ca- 
pable of activating other signaling elements independent of 
MAPK pathway activation, such as nuclear factor-kappa B 
(NF-kB), Rb, and Bcl-2, MEK1 and MEK2 are the only 
known substrates for B-Raf. 154 " 157 A consistent theme in 
studies on MEK/ERK activation by Raf is that B-Raf is far 



more potent at activating downstream kinases than either 
A-Raf or C-Raf. Several lines of evidence also indicate that 
B-Raf has a much higher affinity for its substrate than the 
other Raf isoforms and is 50-fold more potent at phosphor- 
ylating MEK1 and MEK2 than either A-Raf or C-Raf. 125,158 

The respective downstream substrates of MEK1 and 
MEK2 are ERK1 (p44 MAPK ) and ERK2 (p42 MAPK ), which are 
translocated to the nucleus where they ultimately induce an 
array of cytoplasmic and nuclear regulatory proteins. 50,159 " 162 
Effectors include the nuclear transcription factors Elk-1, Fos, 
Jun, AP-1, and Myc, which regulate genes encoding proteins 
that play key roles in proliferation, angiogenesis, metastasis, 
and resistance to anticancer therapeutics. 51 As a result, cell 
cycle regulators, such as cyclins Dl and E and Cdc activator 25 
phosphatase, are positively regulated, 163,164 whereas p27 kip " 1 
and other inhibitors of cyclin-dependent kinases (cdk) are 
negatively regulated. 51 These actions favor progression 
through cell cycle checkpoints, aberrant growth, dedifferenti- 
ation, and cell survival. 

C-Raf activates other cellular effectors, but the extent 
of the interdependence of these actions on MEK1 and 
MEK2 is not clear. For example, C-Raf activation regulates 
cytoskeleton formation by modulating the polymerization 
status of vimentin. 165 Cell survival signaling is also regu- 
lated by C-Raf, which induces phosphorylation of Ik B in 
the NF-kB-Ik B complex. This action releases activated 
NF-kB, which is then translocated to the nucleus where it 
mediates transcription of antiapoptotic factors. 155,166 Other 
antiapoptotic effects of C-Raf are mediated by a mitochon- 
drial pool of the protein, which, on stimulation, localizes to 
the mitochondrial membrane where the protein interacts 
with and phosphorylates Bcl-2, Bcl-2-associated athano- 
gene, and other pro-apoptotic regulators, abrogating their 
pro-apoptotic effects. 157,167 The antiapoptotic effects of 
C-Raf are also mediated through the ankyrin-repeat protein 
Tvl-1 and apoptosis signal-regulated kinase- 1. 166,168,169 In 
addition, C-Raf phosphorylates Rb, p53, Cdc25, and other 
cell cycle regulatory proteins in metaphase. 156,170,171 Lastly, 
C-Raf induces transcription of the multidrug resistance 
gene mdr-1, and its activation has been associated with 
multidrug resistance. 172 In summary, Raf mediates es- 
sential cellular processes that signal proliferation, sur- 
vival, and drug resistance. 



RAF MUTATIONS IN HUMAN CANCER 



General 

Constitutively active mutant Raf proteins are predomi- 
nately a result of point (missense) mutations, deletions, am- 
plification, and rearrangements of n?/ 173-176 Such genetic 
alterations have been identified in malignant melanoma, he- 
matopoietic cancers, and cancers of the thyroid, breast, kid- 
ney, liver, larynx, biliary tract, and other organs, as shown in 
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Table 1. 173-176 Although initial efforts at identifying raf 
mutations in human cancer focused on C-raf the advent 
of high-throughput gene sequencing led to the identifica- 
tion of activating B-raf mutations as the predominant ge- 
netic aberrations. 11 ' 122 ' 145 ' 177 

B-raf Mutations 

Recently, a sequence screen of 923 cancer samples for 
genes mutated in human cancers identified somatic muta- 
tions in a notable proportion of tumor samples. 9 Somatic 
B-raf mutations were demonstrated in 60% to 70% of ma- 
lignant melanomas and in moderate to high rates in carci- 
nomas of the colon, ovary, and thyroid (papillary), 
implicating activating oncogenic B-ra/mutations as critical 
promoters of these malignancies. 9,14 " 17 Furthermore, so- 
matic 5-ra/mutations were found, albeit at lower rates, in 
glioma, sarcoma, non-Hodgkin's lymphoma, acute my- 
eloid leukemia, and carcinomas of the breast, lung, and 
liver. Interestingly, C-ra/mutations were not identified in a 
series of 545 cancer samples, including melanomas and 
carcinomas of the colon, ovary, and lung. 9 

Sequence analysis of B-raf in human cancer has identi- 
fied more than 30 single-site missense mutations, princi- 
pally encoding amino acids in the kinase domain of B-Raf, 
whereas the constitutive activity and transforming potential 
of C-Raf result from loss of the auto- inhibitory amino - 
terminal region, as well as gene rearrangements. 6,175,176 
Most B-raf mutations are caused by thymidine-to-adenine 
transversions at nucleotide position 1796 in exon 11 or 15, 
which encode a valine-to-glutamic acid substitution at 
amino acid 599 ( V599E B-Raf) in the activation segment 
(kinase domain) of the protein. Interestingly, structural 
changes in the activation segment as a result of the insertion 
of an acidic residue close to a site of regulated phosphory- 
lation mimic phosphorylated B-Raf. 9 V599E B-Raf possesses 
the hallmarks of a conventional oncogene because the ki- 
nase activity of its encoded protein is greatly elevated; it 
constitutively stimulates ERK in vivo in the absence of Ras 
activation; and it transforms NIH3T3 cells. 144 Furthermore, 
the basal kinase activity of V599E B-Raf is 12.5-fold higher 
than that of wild-type B-Raf, and its responsiveness to stim- 
ulation by oncogenic H-Ras is diminished. Furthermore, 
the transforming capacity of V599E B-Raf in NIH3T3 cells is 
667-fold more efficient than that of wild-type B-Raf, 
whereas the equivalent mutation introduced into C-Raf 
(V492E) confers 10-fold lower kinase activity and trans- 
forming capacity. 85 

The discovery of B-raf mutations in 60% to 70% of 
malignant melanomas is surprising because early studies 
attributed the hyperactivation of the Raf/MEK/ERK mod- 
ule of the MAPK pathway in melanoma to an abundance of 
autocrine and paracrine growth factors. Interestingly, B-raf 
mutations are not found in uveal melanoma, which differs 
from cutaneous melanoma in that abnormalities of chro- 



mosome 6 are found only in uveal melanoma, suggesting 
that there are distinct pathways for melanoma forma- 
tion. 178,179 Further studies evaluating the function of 
V599E B-Raf in benign and dysplastic nevi may yield impor- 
tant information about the type and timing of events re- 
quired for tumorigenesis. Interestingly, the V599E B-Raf 
allele is found in as many as 80% of benign nevi, suggesting 
a role for oncogenic B-raf in nevus formation and mela- 
noma initiation. 180 However, there is no direct evidence 
that benign nevi harboring V599E B-Raf progress to malig- 
nancy, and most cases may actually represent terminally 
differentiated lesions analogous to nondysplastic colorectal 
aberrant crypt foci that harbor K-ras mutations in the ab- 
sence of adenomatous polyposis coli (APC) mutations. APC 
mutations are generally considered to be of low malignant 
potential, whereas K-ras mutations that arise after APC 
mutations promote colorectal tumor progression. 181,182 
Further studies are also needed to determine whether the 
prevalence of B-raf mutations in melanoma relates to the 
site of the primary tumor, sun exposure, and radiation 
damage. Similar findings have been noted in the setting of 
papillary thyroid carcinoma, in which up to 69% of tumors 
harbor V599E B-Raf, whereas benign thyroid tumors and 
both follicular and medullary thyroid carcinomas do 
not. 18,19 It is notable that B-raf mutations are common in 
melanoma and thyroid cancers and that both melanocyte 
and thymocyte growth is positively regulated by cAMP. 
Interestingly, B-Raf is thought to be the key Raf isoform that 
transduces cAMP-dependent growth signals in both cell 
types, which may account for their vulnerability to transfor- 
mation by activating mutations of this kinase. 183,184 

Analysis of other much less common oncogenic B-Raf 
mutants, most of which cluster adjacent to valine 599 or in 
the G loop ATP-binding region, suggest that the mutated 
proteins stimulate kinase activity in a manner similar to 
V599E B-Raf. 9 Nevertheless, it is intriguing that several of these 
mutations involve highly conserved or invariant residues in 
the catalytic domain, which are required by other kinases for 
optimal activity. This raises the question of how these mutants 
promote tumorigenesis. 8,9,185 It should also be noted that B-raf 
mutations outside the kinase domain have been identified, and 
other mutations will likely be identified as the gene is se- 
quenced in other types of malignancies. 1 1 

Mutations of B-raf and ras are essentially mutually 
exclusive, implying that these genes belong to the oncogenic 
signaling pathway. Fewer than 1% of cancers with B-raf 
mutations have simultaneous ras mutations, and of the 1% 
that have mutations of both genes, the 5-ra/mutations are 
almost never V599E B-Raf. 8,9,14 In colorectal carcinoma, both 
genes are mutated at high frequencies in the same types of 
premalignant lesions and at the same stages in the transition 
from adenoma to carcinoma. 8 ' 14 A strong association exists 
between mismatch repair deficiency and the presence of the 
mutant V599E B-Raf protein in colorectal carcinoma, which 
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may be a result of the underlying DNA repair defect. 14 
Further reflecting the redundancy of the MAPK pathway, a 
high fraction of papillary thyroid cancers harbor either 
V599E B-Raf mutant K-ras, or mutant RET. 9 20 Harboring 
more than one mutation is quite rare, although a moderate 
fraction of low-grade ovarian tumors harbor either V599E B- 
Raf or mutant K-ras 9,20 This finding may represent a 
unique paradigm of human tumorigenesis through muta- 
tions of these signaling proteins that lie in tandem. 8,9 However, 
concomitant ras mutations have been identified in cancers that 
harbor uncommon B-raf mutations in the G loop region, 
suggesting that there may be differences in molecular pathways 
used by distinct mutant B-Raf proteins. 9 

C-raf Mutations 

In contrast to B-raf mutations, no underlying genetic 
mechanisms predominate in human cancers that harbor 
C-ra/mutations. Several types of genetic alterations, partic- 
ularly gene rearrangements, have been demonstrated in 
human cancers sampled from patients with non-small-cell 
lung carcinoma and T-cell lymphoma harboring C-raf 'mu- 
tations. 10 In addition, constitutively active C-Raf has been 
associated with site-specific C-raf mutations, and a struc- 
turally aberrant C-Raf protein that is truncated in its 
amino -terminal regulatory domain has been identified in 
tumor samples from patients with carcinomas (kidney, 
lung [small cell], liver, and pancreas), sarcomas (soft tissue 
and bone), and CNS malignancies (glioma, glioblastoma, 
and ependymoma). 6,186 ' 187 However, neither specific ge- 
netic nor structural aberrations have been identified in a 
sizeable proportion of human cancers in which C-Raf is 
activated in the absence of upstream Ras activation 6,175,177 



THERAPEUTIC STRATEGIES TARGETING RAF I 



Given the high proportion of cancers with constitutively 
activated Raf, Ras mutations, or growth factor hyperactiv- 
ity, which result in increased signaling through Raf, Raf is an 
ideal target for therapeutic development. Although there have 
been many attempts to develop therapeutics against Raf, most 
efforts have been directed at C-Raf rather than B-Raf. To 
decrease Raf production and inhibit its activation, antisense 
oligonucleotides (ASONs), small-molecule kinase inhibitors, 
and dominant interfering DNA constructs are being devel- 
oped. In addition, other therapeutics that indirectly target Raf 
include inhibitors of chaperone proteins (eg, geldanamycin 
analogs), which destabilize Raf, and histone deacetylase inhib- 
itors, which reduces ra/expression. 188 



ISIS 5132 (CGP 69846A): AN ASON INHIBITOR OF C-RAF 



The specificity of nucleotide base pairing provides the ratio- 
nale for using ASONs as therapeutics against Raf. 189,190 This 



approach relies on the intracellular uptake of short syn- 
thetic ASONs that are complementary to Raf mRNA by 
mechanisms that have not been clearly elucidated. The 
ASON then hybridizes with its cognate mRNA, leading to 
RNAase H-mediated degradation of the complex. Alterna- 
tively, the ASON can sterically inhibit translation, which 
reduces synthesis of the encoded protein. 

ISIS 5132 (CGP 69846A; ISIS Pharmaceuticals Inc, 
Carlsbad, CA) is a 20-base phosphorothioate ASON de- 
signed to hybridize to the 3' untranslated sequence of 
C-raf 191 Binding induces degradation of the C-Raf mRNA, 
which, in turn, decreases synthesis of C-Raf in a 
concentration- dependent manner. 192 The 50% inhibitory 
concentration (IC 50 ) value for both tumor proliferation 
and C-Raf expression is approximately 100 nmol/L. 192 Fur- 
thermore, treatment of mice bearing human lung and 
breast cancer xenografts produces impressive decrements 
in C-Raf, as well as antitumor activity. 191 In other models, 
ISIS 5132 decreases C-Raf expression and enhances sensi- 
tivity to both cytotoxics and radiation. 193 The phosphoro- 
thioate backbone of ISIS 5132 was engineered to confer 
resistance to digestive nucleases, which is manifested by 
plasma half-life values ranging from 30 to 85 minutes and 
extensive tissue distribution in mice. 194 " 196 

The feasibility of administering ISIS 5132 was explored 
in patients with advanced solid neoplasms on the following 
schedules: (1) 21-day continuous intravenous (IV) infusion 
(CIVI) every 28 days; (2) 2-hour IV infusion thrice weekly 
for 3 weeks every 28 days; and (3) 24-hour IV infusion 
weekly for 3 weeks every 28 days. 197 " 199 The principal tox- 
icities were fever and malaise. Thrombocytopenia and ane- 
mia, which were typically moderate in severity, brief, and 
not cumulative, were also noted. Transient prolongation of 
the activated partial thromboplastin time and activation 
of the alternate complement pathway, which have been 
attributed to the phosphorothioate backbone of ISIS 5132, 
occurred in a dose-dependent manner. Dose-dependent 
elevations of the compliment component C3a, but not Bb 
or C5a, were noted. Although maximum tolerated doses 
were not clearly defined in the first two studies, plasma 
concentrations of intact ISIS 5132 achieved at the highest 
doses (6 and 4 mg/kg/d) exceeded IC 50 values derived in 
vitro and were known to activate the alternate comple- 
ment pathway in monkeys. 198 In the third study, an unac- 
ceptably high incidence of intolerable toxicities, particularly 
Coombs hemolytic anemia and acute renal insufficiency, 
was noted in patients treated at doses greater than 24 mg/ 
kg/wk. The toxicities of ISIS 5132 were similar to those of 
other ASONs and, therefore, should not be interpreted as 
being related to target inhibition. Although several patients 
experienced protracted periods of stable disease, major 
tumor regression did not occur. C-raf mRNA levels in 
peripheral-blood mononuclear cells were consistendy 
suppressed in patients receiving ISIS 5132 as a 2-hour IV 
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infusion thrice weekly for 3 weeks, but suppression of C-raf 
mRNA was not detected on the schedule of 24-hour CIVI 
weekly for 3 weeks every 28 days and not evaluated in the 
study of ISIS 5132 as a 21 -day CIVI. 

The antitumor activity of ISIS 5132 was evaluated in 
phase II studies in patients with advanced colorectal (15 pa- 
tients, no prior treatment for metastatic disease), hormone- 
refractory prostate (16 patients, no prior chemotherapy), 
ovarian (22 patients, one to two prior systemic therapies), 
small-cell lung (four patients, one prior therapy), and non- 
small-cell lung (18 patients, no prior therapies) carcino- 
mas. 200 " 203 Stable disease lasting 2.5 to 5.5 months was the best 
response in a sizeable proportion of patients, but there were no 
major tumor regressions. Nonetheless, these disappointing re- 
sults should not diminish the potential importance of Raf as a 
therapeutic target because several alternative hypotheses, in- 
cluding the lack of validation of ASON technology as a plat- 
form that can confer robust anticancer activity and lack of 
documentation of ra/mutational status in these clinical stud- 
ies, may explain these results. 

Small-Molecule Inhibitors of Raf Kinase 

The identification of nearly 500 kinases that can be classi- 
fied into at least 20 families based on structural homology 
and recent successes with kinase inhibitors have produced 
bountiful opportunities for small-molecule inhibitors of Raf 
kinase. 185 The elucidation of the crystalline structure of the 
ATP-binding domain of Raf has even further brightened these 
prospects. 204,205 Several classes of small molecules are cur- 
rently being optimized from both mechanistic and pharma- 
ceutical standpoints. In addition to blocking Raf kinase, 
small molecules directed at Raf also inhibit a wide range of 
other kinases by virtue of structural homology between the 
kinase families. Although it may be desirable for small- 
molecule therapeutics to impart inhibitory effects on multi- 
ple critical signaling pathways, these multifunctional aspects 
may also impart greater toxicity. Of the small-molecule Raf 
inhibitors in development, sorafenib (BAY 43-9006; Bayer 
Corporation Pharmaceutical Division, New Haven, CT; and 
Onyx Pharmaceuticals, Inc, Richmond, CA; Fig 5) is the fur- 
thest along. 



Sorafenib (BAY 43-9006): Mechanism of Action 
and Preclinical Results 

The bi-aryl urea sorafenib (4-{4-[3-(4-chloro-3- 
trifluoromethyl-phenyl)-ureido] -phenoxyl} -pyridine- 2- 
carboxylic acidmethylamide-4-methylbenzene-sulfonate; 
BAY 43-9006) is the first molecule of its class to undergo 
clinical development. Originally identified by high-throughput 
screening of small molecules against C-Raf kinase, sor- 
afenib was found to be a potent competitive inhibitor of 
ATP binding in the catalytic domains of C-Raf, wild-type 
B-Raf, and V599E B-Raf mutant. As shown in Table 2, the 
IC 50 values of sorafenib against C-Raf, wild-type B-Raf, and 
the V599H B-Raf mutant in a biochemical assay are in the low 
nanomolar range, whereas sorafenib does not inhibit 
MEK1, ERK1, erbBl, or erbB2. 206 Sorafenib potently inhib- 
ited activation of the MAPK pathway and ERK phosphory- 
lation in human cancer cell lines, irrespective of whether 
they harbored K-ros mutations, V599E B-Raf> or both. 207 Fur- 
ther characterization of sorafenib in biochemical assays 
showed potent inhibition of pertinent RTKs involved in 
tumor progression and angiogenesis, including human and 
murine vascular endothelial growth factor receptor 
(VEGFR) -2, VEGFR-3, platelet-derived growth factor 
receptor-beta (PDGFR-/3), Flt-3, c-Kit, p38a, and fibro- 
blast growth factor receptor-1 (Table 2). In contrast, erbBl, 
insulin-like growth factor- 1, c-met, and erbB2 RTKs were 
not inhibited. The kinase activities of PKA, PKB, PKCa, 
PKCy, cdkl/cyclin B, and pim-1 were also insensitive. 208 
Furthermore, sorafenib inhibited various nonkinase 



Table 2. Biochemical Kinase Selectivity Profile for Sorafenib 
(BAY 43-9006) 206 


Biochemical Assay 
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EGFR, HER-2, ERK1, MEK1, IGFR-1, c-met, 
c-yes, PKB, PKA, cdkl/cyclin B, PKCa, 
PKCy, pim-1 


> 10,000 



Abbreviations: cdk, cyclin-dependent kinase; EGFR, epidermal growth 
factor receptor; ERK, extracellular signal-regulated kinase; FGFR-1, fibro- 
blast growth factor receptor-1; HER-2, human epidermal growth factor 
receptor 2; ICeo, concentration of sorafenib that inhibits the kinase 
activity by 50%; IGFR, insulin-like growth factor receptor; mPDGFR, 
mouse platelet-derived growth factor receptor; PKA, protein kinase A; 
PKB, protein kinase B; PKC, protein kinase C; m, murine; MEK1, 
mitogen-activated protein kinase kinase 1; VEGFR, vascular endothelial 
growth factor receptor. 




Fig 5. Chemical structure of sorafenib (BAY 43-9006). 
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targets, including adenosine A3, dopamine Dl , and musca- 
rine M3, albeit at much higher (micromolar) concentrations 
than kinase targets. 209 In cellular assays, sorafenib reduced 
basal phosphorylation of the MAPK pathway in a panel of 
human breast, melanoma, pancreatic, and colon cancer cell 
lines expressing either mutant K-Ras, mutant B-Raf, or wild- 
type Ras or Raf. Interestingly, several non-small-cell lung 
cancer cell lines expressing mutant K-ras were resistant, pre- 
sumably because Raf-independent activation of MEK is oper- 
ative in these cells. 208,210 In other cell-based assays, sorafenib 
inhibited phosphorylation of several pro-angiogenic RTKs, 
including both human VEGFR-2 and murine VEGFR-2, mu- 
rine VEGFR-3, PDGFR-J3, and Flt-3. 208 - 210 In nude mice bear- 
ing human xenografts derived from melanoma and colon, 
pancreas, breast, and lung carcinomas, sorafenib treatment 
resulted in a high level of tumor growth inhibition without 
appreciable toxicity. 206 Most early evaluations used the 
HCT116 human colon xenograft because its tumorigenicity 
depends on K-Ras activation. Extending the duration of sor- 
afenib treatment attained protracted antitumor efficacy, even 
when treatment was initiated in settings of high tumor burden. 
Significant growth inhibition was noted after treatment of 
well-established human xenografts with B-raf mutations (HT- 
29, Colo205> and DLD-1 colon), K-ras mutations (NIH-H460 
and A459 lung; MiaPaCa pancreas), and both K-ras and B-raf 
mutations (MDA-MB-231 breast) with sorafenib at doses of 
7.5 to 60 mg/kg daily for 9 days. B-rof-mutated MDA-MB-23 1 
breast cancer xenografts, which were reduced in size by 42%, 
on average, after only 9 days of treatment with 30 mg/kg of 
sorafenib, were the most sensitive. 208,210 Relevant activity 
against the human SKOV-3 ovarian xenograft that harbors 
wild-type Ras but overexpresses both erbBl and erbB2 was 
also noted. 

Concurrent with the demonstration that sorafenib is 
efficacious in a molecularly diverse range of human tumor 
xenografts, translational studies have demonstrated inhibi- 
tion of the MAPK pathway after 5 days of sorafenib treat- 
ment of HT-29, DLD- 1 , HCT- 1 1 6, and MDA-MB-23 1 , but 
not Colo-205 xenografts. In the Colo-205 tumors, in which 
concurrent assessments of vascular effects were performed, 
tumor neovascularization was reduced dramatically. The 
cumulative results of these studies suggest that sorafenib 
inhibits tumor progression by blocking cellular prolifera- 
tion that is dependent on activation of the MAPK pathway 
and/or inhibiting tumor angiogenesis through VEGFR-2, 
VEGFR-3, and/or PDGFR-/3. Recent studies suggest C-Raf 
inhibition may also promote the death of endothelial cells 
as a result of their specific requirements for stimulation by 
VEGFR-2. 211 The results indicate that sorafenib is effica- 
cious not only against human tumors with ras and/or raf 
mutations, but also against tumors that overexpress growth 
factor receptors that signal through Ras and the Raf/MEK/ 
ERK module. However, it is important to note that the 
relative potency of sorafenib against various kinases, partic- 



ularly VEGF, must be considered in assessing the value of 
sorafenib as a Raf kinase inhibitor, as well as in drawing 
conclusions about the value of Raf kinase as a molecular 
target against cancer. 

Favorable cytotoxic effects were noted after treatment 
of a broad spectrum of human cancer cell lines and xeno- 
grafts harboring both wild-type and mutated forms of ras or 
raf with sorafenib and either fluorouracil, paclitaxel, gem- 
citabine, gefitinib, vinorelbine, doxorubicin, irinotecan, or 
its active SN-38 metabolite. 212 Treatment of human tumor 
xenografts with sorafenib plus paclitaxel, irinotecan, gem- 
citabine, or cisplatin did not enhance the toxicity or dimin- 
ish the activities of the therapeutics. 

Pharmacokinetic studies in rodents and dogs have 
demonstrated that sorafenib clearance is much lower than 
normal liver plasma flow. Its low steady-state volume of 
distribution (approximately 0.7 to 0.93 L/kg) suggests that 
tissue affinity is low and plasma protein binding is high 
(mean free fraction, 1.2% [human] to 2.5% [mouse]). The 
pharmacokinetics in mice are dose proportional over a biolog- 
ically relevant dosing range, and tissue concentrations are 
several fold higher than IC 50 values in vitro. 206,208,213 At 
higher doses, drug exposure increases disproportionately, 
possibly because of saturation of gastrointestinal absorp- 
tion. Autoradiographic studies have revealed homogeneous 
drug distribution to peripheral tissues and modest penetra- 
tion across the blood-brain barrier. The mean terminal 
half-life ranges from 6 to 7 hours. In rodents, oral bioavail- 
ability is high (approximately 79%). Drug disposition is 
principally by CYP3A4 metabolism, followed by biliary and 
fecal excretion (approximately 90%). CYP1A, CYP2C9, 
CYP2C19, and CYP3A are not induced after incubating 
drug with microsomal extracts from human hepatocytes. 
However, in vitro metabolism studies in human systems 
indicate extensive metabolism by CYP3A, and early clinical 
data indicate that disposition is principally by hepatic 
metabolism and fecal excretion. Sorafenib is a modest 
inhibitor of CYP2B6, CYP2C8, CYP2C9, CYP2C19, 
CYP2D6, and CYP3A4, and the propensity for interac- 
tions between sorafenib and drugs that inhibit and in- 
duce P-450 systems exists. 

In rodents and dogs, sorafenib is well tolerated. Princi- 
pal toxicities include emesis, diarrhea, and transaminase 
elevations. Histopathologic studies have revealed dose- 
related degenerative changes in the liver, stomach, duodenum, 
pancreas, kidneys, heart, testes, and ovaries and regenerative 
changes in the liver, pancreas, duodenum, and kidneys. Hypo- 
cellularity and necrosis of hematopoietic and lymphoid tissues 
and unusual findings involving the teeth and growth plate of 
the femur have been noted. 

Clinical Evaluations 

Phase I studies. Phase I end points were evaluated in 
patients with advanced solid malignancies in studies of the 
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following daily oral schedules: (1)7 days every 15 days; (2) 
21 days every 28 days; (3) 28 days every 35 days; and (4) 
continuous treatment. The principal dose-related toxicities 
were diarrhea, vomiting, skin rash, fatigue, hypertension, 
and palmar-plantar erythrodysesthesia (hand -foot syn- 
drome). Hand-foot syndrome was characterized by desqua- 
mation and discomfort of the digits, all of which were 
reversible. Clinically relevant elevations in serum amylase 
and lipase and both lymphopenia and anemia were uncom- 
mon. The incidences of intolerable toxicities, particularly 
diarrhea and hand- foot syndrome, were unacceptably high 
at sorafenib doses exceeding 400 mg twice daily on a con- 
tinuous schedule, which was recommended for phase II 
trials. Tumor regression was noted on several schedules, 
particularly when doses exceeded 200 mg twice daily. One 
patient each with hepatocellular carcinoma and renal cell 
carcinoma (RCC) had partial responses, whereas tumor 
regressions of lesser magnitude occurred in patients with 
RCC and colorectal and ovarian carcinomas. Furthermore, 
approximately 50% of patients with colorectal, ovarian, 
hepatocellular, renal, and breast carcinomas had stable dis- 
ease as their best response. 214 Pharmacokinetic studies re- 
vealed dose proportionality up to 600 mg twice daily and 
high interpatient variability. Steady-state was achieved by 7 
days, and terminal half-life values ranged from 30 to 45 
hours. ERK1/2 phosphorylation in CD7 + peripheral-blood 
mononuclear cells was inhibited. 215 ' 216 

Disease-directed studies. The principal paradigm 
adopted for disease-directed evaluations of sorafenib repre- 
sents a radical departure from traditional phase II ap- 
proaches. Although phase II studies are being performed in 
malignancies of high interest, the principal disease- directed 
evaluation strategy was a randomized discontinuation trial. 
This unorthodox approach was undertaken because' the 
predominant clinical benefit of the agent, particularly in 
patients whose tumors were not screened for molecular 
aberrations known to increase the probability of respond- 
ing, was projected to be increased progression- free survival 
(PFS), which was also the principal beneficial effect in 
preclinical studies. In addition, because sorafenib inhibits 
multiple kinases, the use of any empiric screening and/or en- 
richment strategy, as well as any particular malignancy, could 
produce false-negative results. In contrast to randomized 
phase II studies, which lack sufficient statistical power to dis- 
cern small to moderate, albeit relevant, differences between 
treatments, the randomized discontinuation study is designed 
so that there is an initial process of natural enrichment of the 
study population with patients who may have experienced 
benefit to treatment before patients are randomly assigned to 
either continue or discontinue drug treatment. 217 

The randomized discontinuation study is felt to be 
ideal for sorafenib and agents whose main benefit is ex- 
pected to be tumor growth delay, which is not readily de- 
tected in nonrandomized studies. At the end of an initial 



lead-in phase, in which all patients receive the study drug, 
patients who experience a relevant degree of tumor growth 
are removed from the study. This weeding out process 
enriches the study population with patients who will most 
likely benefit from further treatment, thereby increasing the 
probability that the randomization step will be more effi- 
cient at detecting tumor growth inhibition related to drug. 
In essence, the lead-in period may furnish data about the 
inherent potential of the agent to induce tumor regression 
and can suffice as multiple phase II studies, each of which 
can be sized in real time to provide a requisite level of 
statistical power. At the end of the lead in period, patients 
whose tumors have not progressed are randomly assigned 
to either continue or discontinue treatment, ideally in a 
double-blinded, placebo-controlled fashion. The natural 
selection or enrichment of the population before random 
assignment increases the efficiency of the trial, with as few as 
20% of the standard number of randomly assigned patients. 
Nonetheless, a shortcoming of this approach relates to its 
inability to precisely quantify the magnitude of antitumor 
activity. However, if there is a clear difference in PFS be- 
tween the randomly assigned arms, conclusions can still be 
generated about the general activity of the agent. Neverthe- 
less, if the results meet a sufficient level of interest, resource- 
intensive phase III studies may ensue. 

The randomized discontinuation study, as depicted in 
Figure 6, was designed to discern differences in PFS between 
patients treated with either sorafenib or placebo in the 
randomization period. The randomization stage was sized 
to discern PFS in patients with colorectal carcinoma, which 
frequently harbors ras mutations, although patients with 
many tumor types were enrolled. At the end of the 12- week 
period, in which all patients received sorafenib 400 mg twice 
daily, patients whose target lesions had increased in excess 
of 25% were taken off study. Because of concerns about 
randomly assigning patients who had potentially benefited 
from treatment, patients whose target lesions had regressed 
by greater than 25% were not randomly assigned and, in- 
stead, continued treatment until disease progression. Pa- 
tients who experienced neither objective benefit of this 
magnitude nor disease progression were randomly assigned 
to either continue treatment with sorafenib or placebo. 
Because PFS was the primary end point in the randomiza- 
tion phase, placebo-treated patients who experienced pro- 
gressive disease could be re-treated with sorafenib. 

Patient accrual ended in January 2004, with 484 pa- 
tients accrued at a rate of 36 patients per month at only five 
institutions in the United States and Europe. Of these, 408 
patients were the focus of a recent report. 218 Tumor regres- 
sion was noted in previously treated patients with advanced 
melanoma, sarcoma, RCC, and colorectal, thyroid, and 
pancreatic cancers. Most colorectal carcinoma patients 
treated with sorafenib developed disease progression before 
random assignment. RCC emerged as a central focus of the 
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Fig 6. Schema of the randomized discon- 
tinuation trial with sorafenib (BAY 43-9006). 



study, and the accrual targets for RCC were reset higher as 
the activity of sorafenib in RCC became increasingly evi- 
dent. In the run-in phase, 202 patients with RCC were treated 
with sorafenib and were the focus of a recent report in May 
2005. 219 At 12 weeks, 144 patients (71%) experienced tumor 
shrinkage or disease stabilization. Independently confirmed 
tumor shrinkage of ^ 25% (partial response) was noted in 
eight (4%) of these patients. A total of 65 patients were 
entered onto the randomization phase, of whom 32 were 
treated with sorafenib and the rest received placebo. Sixteen 
patients (50%) in the sorafenib arm were progression free at 
12 weeks postrandomization, compared with six patients 
(18%) in the blacebo arm (P = .0077). The median 
progression-free survival from randomization in the two 
arms was 24 weeks and 6 weeks, respectively (P = .0087). 
The unique design of this study served the broad mecha- 
nism of action of this promiscuous tyrosine kinase inhibi- 
tor, providing a sufficient level of flexibility to evaluate a 
wide range of end points and tumor types. The intriguing 
results in patients with RCC provided the basis for a phase 
III study, in which 800 patients with unresectable and/or 
measurable RCC who have received at least one prior sys- 
temic therapy are being randomly assigned to treatment 
with either sorafenib or placebo. The primary and second- 
ary end points were overall survival and progression free 
survival, respectively. A total of 905 patients were randomly 
assigned, of whom 769 patients were the focus of a recent 
report. 220 Three hundred eighty-four patients were ran- 
domly assigned to the sorafenib arm, and the rest to the 
placebo arm. An independent response assessment was per- 
formed in 574 patients. Seven partial responses (2%) were 
noted in the sorafenib arm compared with none in the 
placebo arm. Disease stabilization was seen in 261 (78%) 
versus 186 (55%) patients in the sorafenib and placebo 
arms, respectively, and disease progression was noted in 29 
(9%) versus 102 (30%) patients, respectively. The median 
progression-free survival for patients in the sorafenib arm 
was 24 weeks, compared with 12 weeks in the placebo arm 
(hazard ratio = 0.44; P = .000001). The substantial benefit 



due to sorafenib was apparent across all patient subgroups. 
Because of the magnitude of the benefit noted upon analy- 
sis, treatment unblinding was performed, and patients ran- 
domly assigned to placebo were allowed to cross over to 
sorafenib treatment. 

There was considerable interest in the melanoma pa- 
tients who participated in the randomized discontinuation 
study based on the high incidence of B-raf mutations in 
melanoma. 218 In the June 2004 report that focused on the 
first 20 patients enrolled, five patients developed cutaneous 
toxicity of grade 3 severity, and two patients developed 
hypertension that required intervention. 221 Of 19 patients 
whose disease had been evaluated, 15 patients developed 
progressive disease before or at the planned 12-week assess- 
ment, whereas one patient had a partial response, and three 
patients had stable disease. Although a complete survey of 
fl-ra/mutations was not available for the June 2004 report, 
the negligible antitumor activity in a malignancy with a 60% 
to 70% incidence of constitutive B-raf mutations implies 
that sorafenib alone on the dose schedule evaluated lacks 
sufficient activity at inhibiting B-Raf kinase. Phase II studies 
are also ongoing in advanced hepatocellular and non- 
small-cell lung carcinomas and other malignancies. 

Combination studies. The feasibility of administering 
sorafenib with various other agents is being evaluated in 
early clinical evaluations. Flaherty et al, 222 who conducted a 
phase I study of sorafenib plus carboplatin and paclitaxel 
and then focused on the activity of the regimen in patients 
with melanoma who were enrolled at the maximum- 
tolerated dose, have provided some of the most intriguing 
results. Both untreated and previously treated patients with 
progressive growth of solid neoplasms before study enroll- 
ment were treated with fixed doses of carboplatin area un- 
der the curve 6 and paclitaxel 225 mg/m 2 IV over 3 hours on 
day 1 followed by sorafenib at doses of 100, 200, or 400 mg 
twice daily from days 2 to 19 of a 3 -week course. All dose 
iterations were well tolerated, and toxicity rates did not 
exceed those expected with carboplatin and paclitaxel in the 
absence of sorafenib. Sixty-seven patients with melanoma, 
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most of whom were enrolled onto the phase II stage, have 
been treated. Of the 35 assessable patients with melanoma 
at the time of the report, 14 patients (40%) had partial 
responses, all of which lasted for at least 6 months, and 15 
patients (43%) had stable disease as the best response. The 
median PFS time was estimated at 8.4 months. Of 25 pa- 
tients whose mutational status was assessed, 1 5 (60%) had 
V599E B-Raf, but the propensity to respond did not depend 
on B-Raf mutational status. Five (33%) of 15 patients with 
V599E B-Raf and six (60%) of 10 patients with wild- type 
B-Raf had partial responses. These results are impressive in 
light of the negligible activity of sorafenib as a single agent in 
patients with melanoma, implying that sorafenib may op- 
erate principally by inhibiting VEGF RTKs, perhaps by 
enhancing the penetration of cytotoxics into tumors and/or 
decreasing intratumoral pressure. A phase III study evalu- 
ating the paclitaxel-carboplatin regimen with and without 
sorafenib is planned. 

In a phase I study of sorafenib and gemcitabine, the 
maximum-tolerated doses were gemcitabine 1,000 mg/m 2 
IV weekly for 7 of every 8 weeks, followed by weekly for 3 of 
every 4 weeks and sorafenib 400 mg twice daily. 223 Of 19 
previously treated patients in the phase I study, two patients 
with ovarian carcinoma had partial responses; whereas one 
(4.3%) of 23 previously untreated subjects treated in an 
expanded stage at the recommended dose had a partial 
response. 223 No pharmacokinetic interactions were evi- 
dent. Similarly, regimens consisting of sorafenib plus doxo- 
rubicin, irinotecan, or oxaliplatin were well tolerated, and 
pharmacokinetic interactions were not apparent. 224 * 226 In a 
phase I study of sorafenib and doxorubicin, the principal 
toxicities were neutropenia and hand-foot syndrome, 
which did not preclude administering each agent at relevant 
doses (sorafenib 400 mg twice daily and doxorubicin 60 
mg/m 2 IV every 3 weeks). 222 One patient with mesotheli- 
oma had a partial response, and 17 patients (52%) had 
stable disease. Of note, four patients with hepatocellular 
carcinoma experienced stable disease lasting at least 12 
months. Relevant doses of sorafenib (400 mg twice daily) 
and oxaliplatin (130 mg/m 2 every 3 weeks) were well toler- 
ated. 227 Two patients with gastric carcinoma had partial 
responses lasting 14 and 21 weeks, and eight (42%) of 19 
assessable patients had stable disease. Pharmacokinetic 
interactions were not evident. The activity of these agents 
in patients with colorectal carcinoma and the feasibility 
of administering sorafenib with other therapeutics are 
being studied. 

Other Pharmacologic Inhibitors of Raf Kinase 

Besides sorefanib, other small-molecule competitive 
inhibitors of the ATP-binding site of Raf proteins have been 
developed. L-779450 (Merck Pharmaceuticals Inc, Nutley, 
NJ), a competitive inhibitor of the ATP-binding site of C-Raf, 
has demonstrated activity in the nanomolar range against 



C-Raf- overexpressing human tumors in vitro and is much 
more effective at inhibiting the kinase activity of C-Raf and 
A-Raf than B-Raf. 228,229 Likewise, the phenol substituted ox- 
indole derivative SB203580 (GlaxoSmithKline Pharmaceuti- 
cals, Philadelphia, PA) inhibits C-Raf kinase in the low 
nanomolar range, but micromolar concentrations are re- 
quired to inhibit ERK phosphorylation in cell culture. 230,231 
Interestingly, SB203580 may paradoxically activate C-Raf 
through an autocrine feedback loop as a result of MEK inhibi- 
tion. 232 Although C-Raf is a weak kinase, the significance of 
this observation is not known. 

The tumor-inhibitory and cytotoxic effects of naturally 
occurring ansamycin antibiotics, particularly geldanamycin 
analogs that bind to Hsp90 and destabilize HSP90- 
dependent proteins, produce impressive decrements in 
C-Raf expression. 233 However, the effects of these agents on 
C-Raf may be nonspecific because Hsp90 plays a critical role 
in stabilizing and conferring functionality to a wide array of 
important cellular proteins such as v-Src, EGFR, HER-2/ 
new, cdk4, Akt2, and mutated p53, all of which are inhibited 
by the abrogation of Hsp90. 233 Thus, the growth inhibitory 
and pro-apoptotic effects of geldanamycin analogs, such as 
17-allylamino-17-demethoxygeldanamycin, may not be a re- 
sult of direct effects on C-Raf alone, considering the pleiotro- 
pic effect of these compounds. 234 Radicicol, a novel 
macrocyclic antibiotic isolated from the fungus Monosporium 
bonorden and potent inhibitor of Hsp90, has exhibited impres- 
sive tumor growth-inhibitory activity against a wide range of 
human tumor cell lines and xenografts, and both its antitumor 
and pharmaceutical properties are being optimized. 233 Radici- 
col may, in part, inhibit tumor growth by destabilizing and 
depleting C-Raf. 235 The O-carbamoylmethyloxime derivatives 
maybe superior to radicicol from both mechanistic and phar- 
maceutical perspectives. 235 

Dominant Interfering DNA Constructs 

Dominant interfering DNA constructs that specifically 
target tumor cells with anti- raf genes have been described. 
One such method, which involves coupling a cationic lipid- 
based nanoparticle to an av/33 integrin ligand, seems to 
deliver genes to newly developing blood vessels of tumors 
that arise in mice after injection of melanoma cells. Hypo- 
thetically, by coupling a cDNA-encoding kinase-inactive 
C-Raf to the nanoparticle, this dominant negative ver- 
sion of C-Raf is delivered to the neovasculature of devel- 
oping tumors and induces apoptosis and tumor 
regression. Paradoxically, the inhibition of C-Raf may 
induce tumor regression not by affecting MEK/ERK ac- 
tivation, but by inhibiting the MEK kinase-independent 
role of C-Raf in promoting tumor survival. 236 It is cer- 
tainly possible that other therapeutics directed against 
C-Raf act in a similar fashion. 
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CONCLUSION 



It is hopeful that therapeutics designed based on under- 
standing the primary molecular defects governing malig- 
nant cell proliferation will be more efficacious and less toxic 
than nonspecific cytotoxics. It is clear that aberrant forms 
of Raf are the principal drivers of many types of cancer. 
Furthermore, the potential therapeutic benefit conferred 
by therapeutics targeting Raf may not be limited to malignan- 
cies with mutant Raf because some cancers with wild-type Raf 
associated with growth factor receptor hyperactivity and/or 
Ras mutations are extraordinarily sensitive to Raf inhibition. 

The knowledge that some tumors have driving target 
aberrations coupled with gene-sequencing data has pro- 
vided the means to establish proof of principle about the 
validity of targets and/or targeted therapeutics. For Raf, 
rational patient enrichment strategies based on the presence 
of specific aberrations of Raf, Ras, and growth factor recep- 
tors can be formulated from the outset and dynamically 
optimized in the course of development. This is not to say 
that therapeutics targeting Raf will ultimately be restricted 
to niche indications because molecular aberrations are 
shared by many cancers. Instead, after proof of principle in 
cancers that are solely driven by a target aberration, such as 
melanoma and pancreatic carcinoma in the case of Raf and 
Ras, respectively, studies could then be conducted in tu- 
mors in which the target contributes to, but may not be the 
sole driver of, tumor growth. Although tumor regression 
rates may be negligible in these settings, the principal ther- 
apeutic effects of target inhibition in tumors with multiple 



contributory molecular aberrations may be best appreci- 
ated in randomized trials designed to detect differences in 
overall survival, PFS, and other end points that reflect tu- 
mor growth inhibition. 

Although the early results with sorafenib have been 
encouraging, emerging clinical data do not irrefutably val- 
idate Raf as its relevant target. Instead, the intriguing activ- 
ity of sorafenib in RCC, its lack of robust single-agent 
activity in melanoma, and its ability to enhance the activity 
of chemotherapeutics may reflect its greater potency at 
inhibiting VEGFR or other, as of yet unidentified, RTKs. To 
this end, the lack of robust activity with ASONs targeting 
Raf should not negate the importance of Raf as a therapeutic 
target because mutations of Raf and Ras were not assessed in 
studies of these agents and there are many unanswered ques- 
tions about the validity of antisense strategies as therapeutic 
platforms. Although knowing the precise mechanism of sor- 
afenib's antitumor activity may make little difference with 
regard to its ultimate utility, such information may be used to 
optimize the therapeutic indices of the next generation of 
therapeutics targeting Raf. In concert with clinical evaluations, 
Ras/Raf gene sequencing studies and assessments of relevant 
biologic markers may facilitate these efforts. Most importantly, 
the role of Raf in driving tumor proliferation must be further 
understood. Issues pertaining to the structural and functional 
basis of Raf and Ras mutations and their interrelationships and 
roles in tumorigenesis, proliferation, and cell survival must be 
addressed to develop more effective therapeutics against Raf 
and related targets. 
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Detailed Description Text (63): 

Candidate compounds can be evaluated for antiproliferative activity by contacting Raf or a Ras -binding 
fragment thereof, e.g., a zinc finger domain-containing fragment of Raf, with a candidate compound and 
determining binding of the candidate compound to the peptide, or Ras-Raf binding. Raf or Ras -binding 
fragment of Raf can be immobilized using methods known in the art such as binding a GST-Raf fusion 
protein to a polymeric bead containing glutathione. Binding of the compound to the Raf peptide is 
correlated with the ability of the compound to disrupt the signal transduction pathway and thus inhibit 
cell proliferation. 

Detailed Description Text (66): 

In another screening method, one of the components of the Ras-Raf binding complex, such as Ras or a 
Raf-binding fragment of Ras or Raf or a Ras -binding fragment of Raf, is immobilized . Peptides can be 
immobilized using methods known in the art, such as adsorption onto a plastic microtiter plate or 
specific binding of a GST-fusion protein to a polymeric bead containing glutathione. For example, GST^ 
Raf or GST-Ras can be bound to glutathione-Sepharose beads. The immobilized peptide is then 
contacted with the labeled peptide to which it binds (Ras in this case) in the presence and absence of a 
candidate compound. Unbound peptide can then be removed and the complex solubilized and analyzed 
to determine the amount of bound labeled peptide. A decrease in binding is an indication that the 
candidate compound inhibits the interaction of Ras with Raf . 

Detailed Description Text (67): 

A variation of the above-described screening method can be used to screen for another class of candidate 
compounds which are capable of disrupting a previously-formed Ras-Raf interaction. In this example, a 
complex comprising Ras or a Raf -binding fragment thereof bound to Raf or a Ras -binding fragment 
thereof is immobilized as described above and contacted with a candidate compound. The dissolution of 
the complex by the candidate compound correlates with the ability of the candidate compound to disrupt 
or inhibit the interaction of Ras with Raf . 
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Detailed Description Text (2): 

To facilitate the expression, purification, and solid state immobilization of polypeptides such as Ras or 
Raf GST fusion proteins can be made. A chimeric gene encoding a GST fusion protein can be 
constructed by fusing DNA encoding a peptide or peptide fragment to the DNA encoding the carboxyl 
terminus of GST (see e.g., Smith et al., 1988, Gene 67:31). The fusion construct, can be transformed 
into a suitable expression system, e.g., E. coli XA90 in which the expression of the GST fusion protein 
can be induced with isopropyl-.beta.-D-thiogalactopyranoside (IPTG). 

Detailed Description Text (8): 

Fragments of Ras which bind Raf (or fragments of Raf which bind Ras) can be made by methods known 
to those skilled in the art. For example, a DNA fragment which expresses a putative Raf-binding Ras 
fragment can be fused to GST (as described herein), the fusion protein immobilized by binding to 
glutathione-SEPHAROSE.TM., and the ability of the fusion protein to bind Raf or a fragment thereof 
determined. 

Detailed Description Text (46): 

In another screening method, candidate compounds can be evaluated for anti-proliferative activity by 
contacting Raf or a Ras -binding fragment of Raf with a candidate compound and determining binding of 
the candidate compound to the peptide. Raf or Ras -binding fragment of Raf can be immobilized using 
methods known in the art such as binding a GST-Raf fusion protein to a polymeric bead containing 
glutathione. Binding of the compound to the Raf peptide is correlated with the ability of the compound 
to disrupt the signal transduction pathway and thus inhibit cell proliferation. 

Detailed Description Text (49): 

In another screening method, one of the components of the Ras-Raf binding complex, such as Ras or a 
Raf-binding fragment of Ras or Raf or a Ras -binding fragment of Raf, is immobilized . Peptides can be 
immobilized using methods known in the art, such as adsorption onto a plastic microtiter plate or 
specific binding of a GST-fusion protein to a polymeric bead containing glutathione. For example, GST- 
Raf( 1-257) can be bound to glutathione-SEPHAROSE.TM. beads. The immobilized peptide is then 
contacted with the labeled peptide to which it binds (Ras in this case) in the presence and absence of a 
candidate compound. Unbound peptide can then be removed and the complex solubilized and analyzed 
to determine the amount of bound labeled peptide. A decrease in binding is an indication that the 
candidate compound inhibits the interaction of Ras with Raf . 

Detailed Description Text (51): 

A variation of the above-described screening method can be used to screen for another class of candidate 
compounds which are capable of disrupting a previously-formed Ras-Raf interaction. In this example, a 
complex comprising Ras or a Raf -binding fragment thereof bound to Raf or a Ras -binding fragment 
thereof is immobilized as described above and contacted with a candidate compound. The dissolution of 
the complex by the candidate compound correlates with the ability of the candidate compound to disrupt 
or inhibit the interaction of Ras with Raf . 
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Disclosed is a method of screening for compounds which 
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An assay kit comprising 

a receptor-release ligand complex comprising a receptor bound to a monomeric 
or polymeric release ligand, wherein the receptor is capable of binding to an 
analyte, wherein the monomeric form of the release ligand binds to the 
receptor with an association constant of 1% or less of the association 
constant of the analyte for the receptor, and wherein the release ligand does 
not detectably compete with analyte for binding to the receptor, wherein the 
complex is immobilized onto a solid support phase, and 

detection means for indicating the presence or amount of receptor or release 
ligand upon dissociation from the release ligand-receptor complex. 

19. The kit of claim 18 wherein the solid phase on which the complex is 
immobilized comprises a membrane which comprises a reaction field containing 
an indicator zone, wherein the receptor-release ligand complex is located in 
the reaction field, and at least part of the detection means is located in the 
indicator zone. 

20. The kit of claim 18 comprising release ligand-receptor complexes for 
multiple analytes. 

21. A method for obtaining a release ligand for use in an assay, wherein the 
release ligand forms a complex with a receptor which binds an analyte to be 
detected, comprising 

identifying compounds which are structurally similar to the analyte to be 
detected or which form a part of the analyte, 

screening the compounds to identify compounds binding to the receptor, and 

identifying the compounds which bind to the receptor in the presence and 
absence of analyte to select the compounds which bind to the receptor with an 
association constant of 1% or less of the association constant of the analyte 
for the receptor, and do not detectably compete with analyte for binding to 
the receptor. 

22. The method of claim 21 wherein the compounds are prepared by synthesizing 
the analytes with one or more substitutions in the chemical structure. 

23. The method of claim 21 wherein the compounds are prepared by isolating the 
epitope of the analyte bound by the receptor, and modifying the epitope to 
alter the binding properties. 
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ABSTRACTED-PUB-NO: RD 371034A 
BASIC-ABSTRACT: 

Screening method is disclosed for identifying inhibitors of ras-protein partners 
interactions. A ras-binding domain of c-raf-1 is immobilised on microtitre plates 
coated with scintillant (flash plates and then ras pre-loaded with tritium- 
radiolabelled GTP is added. Binding of ras-GTP to immobilised raf juxtaposes the 
radiolabel to the scintillant, generating a signal. The signal is reduced to 
background through (i) loading ras with radiolabelled GDP instead of GTP, which 
gives non-active ras protein, (ii) addn. of peptide inhibitors such as ras 67-44, 
(iii) addn. of novel ras/raf inhibitors. 

USE - The method can be used for the high throughput screening of potential anti- 
cancer therapeutic agents. 
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Abstract Paragraph : 

A diagnostic kit, method, and apparatus for electrochemically determining the 
presence or concentration of an analyte in a sample. A mixture is formed which 
includes the sample, an enzyme acceptor polypeptide, an enzyme donor polypeptide, 
and a labeled substrate. The enzyme donor polypeptide is capable of combining with 
the enzyme acceptor polypeptide to form an active enzyme complex . The formation of 
such the active enzyme complex is responsive to the presence or concentration of 
the analyte in the fluid sample. The active enzyme hydrolyzes the labeled 
substrate, resulting in the generation of an electroactive label, which can then be 
oxidized at the surface of an electrode. A current resulting from the oxidation of 
the electroactive compound can be measured and correlated to the concentration of 
the analyte in the sample. 
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TITLE: Method for the detection of NF- . kappa . B regulatory factors 
Detailed Description Text (152): 

Next, it was determined whether Cln/Cdc28, present in small amounts in the 
ubiguitination reaction, is also required for additional steps in the 
ubiquitination process (e.g., to phosphorylate the ubiguitination machinery). This 
was accomplished by treating bacterial Sicl with Cln2/Gst-Cdc28 complexes 
immobilized on GSH-SEPHAROSE beads, removing the complexes from the beads prior to 
use in ubiquitination reactions, and determining whether the complexes were free of 
soluble kinase by immunoblotting with anti-HA antibodies (See, FIG. 3D, lane 3) . 
These f aul t s ^ indicated that^^^^h^^pKr^WI^ , in thisWanner, 4a;s-^ais/o M 
^^i^i^X^ ^I^^^ Bi^a^d^f See , FIG7 ^D/ 'l£n& 9) . " Thus/ ^Ise data indicated that 
Sicl phdsphoTcyiatiori "constitutes the primary requirement of Cln/Cdc28 kinases in 
Sicl ubiguitination in the in vitro reaction. 
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Next, it was determined whether Cln/Cdc28, present in small amounts in the 
ubi quit inat ion reaction, is also required for additional steps in the 
ubi quit inat ion process (e.g, to phosphorylate the ubiquit inat ion machinery) . This 
was accomplished by treating bacterial Sicl with Cln2/Gst-Cdc28 complexes 
immobilized on GSH-Sepharose beads, removing the complexes from the beads prior _to 
use in ubiquit inat ion reactions, and determining whether the complexes were free of 
soluble kinase by immunoblotting with anti-HA antibodies (See, FIG. 3D, lane 3) . 
These results indicated that Sicl phosphorylated in this manner was also 
efficiently ubiquitinated (See, FIG. 3D, lane 9) . Thus, these data indicated that 
Sicl phosphorylation constitutes the primary requirement of Cln/Cdc28 kinases, in 
Sicl ubiquit inat ion in the in vitro reaction. 
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ABSTRACTED-PUB-NO: RD 371034A 
BASIC-ABSTRACT: 

Screening method is disclosed for identifying inhibitors of ras-protein partners interactions. A ras- 
binding domain of c-raf-1 is immobilised on microtitre plates coated with scintillant (flash plates and 
then ras pre-loaded with tritium-radiolabelled GTP is added. Binding of ra s-GTP to immobilised raf 
juxtaposes the radiolabel to the scintillant, generating a signal. The signal is reduced to background 
through (i) loading ras with radiolabeled GDP instead of GTP. which gives non-active ras protein, (ii) 
addn. of peptide inhibitors such as ras 67-44, (iii) addn. of novel ras/raf inhibitors. 

USE - The method can be used for the high throughput screening of potential anti-cancer therapeutic 
agents. 
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